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Natural draught wet cooling tower (NDWCT) fill fouling is a widely docu-
mented but poorly quantified phenomenon in the power generation industry.
Specifically, there are no known methods enabling fair comparison of the foul-
ing behaviour of competing fill designs. Using Monte Carlo methods, it is
demonstrated that the thermal (Merkel number) and hydraulic (pressure loss
factor) effects of fill fouling may be quantified separately, which introduces gen-
erally small errors in NDWCT performance prediction calculations. Fill foul-
ing is subsequently characterised by individual time-dependent thermal and
hydraulic fouling factors applied to the fill performance characteristic equa-
tions used in NDWCT performance prediction calculations. Fouling factors
may be calculated, as in this study, using fill performance measured during
long-duration fill testing, or may be estimated using predictive methods. It
is demonstrated how the combination of predicted fouling factors and power
plant parameters like heat rate correction and fuel cost may be used to perform
fill lifecycle cost calculations, enabling fair fill comparisons.
To provide confidence in the measured performance of NDCWT fills, a gen-
eral method of fill performance measurement uncertainty analysis is developed.
Earlier work has calculated the uncertainty of fill performance parameters at
a single test operating point in a fill performance test. The current study
expands significantly on this method, calculating the uncertainty at all test
operating points and propagating these uncertainties first to the uncertainty
of the fill thermal and hydraulic performance characteristic equations (known
as regression uncertainty) and ultimately to the predicted NDWCT perfor-
mance uncertainty. It is determined that the inclusion of correlated uncer-
tainties is vital for the regression uncertainty calculations, but that they may
be neglected at the NDWCT performance uncertainty calculation stage with
relatively small errors. The developed uncertainty analysis method provides
rigorous justification for performance-related commercial decisions based on
fill performance testing.
The developed fouling factor and uncertainty analysis methods are applied to
the weekly performance measurements of four fill samples tested for a period of
approximately 40 weeks at a fill fouling test facility located at a coal-fired power
station in South Africa. This facility exposes the fill samples to operating
conditions closely resembling true fill operation, including the use of actual
power plant cooling water. While there are limitations to the testing data
due to the relatively short duration and the low-fouling nature of the installed
fill samples, as well as testing problems resulting in largely unusable thermal




Natuurlike trek nat koeltoring (NTNKT) pakkingsaangroei is ‘n wydverspreide,
maar swak gekwantifiseerde verskynsel in die kragopwekkingsindustrie. Daar is
geen bekende metodes om die aangroei van kompeterende pakkings-ontwerpe
regverdig te vergelyk nie. Dit word gedemonstreer, deur middel van Monte
Carlo-metodes, dat die termiese (Merkel nommer) en hidrouliese (drukverlies-
faktor) effekte van pakkingsaangroei apart gekwantifiseer kan word, wat oor
die algemeen tot klein foute in die NTNKT verrigtingsvoorspellingsbereke-
ninge lei. Pakkingsaangroei word gevolglik gekarakteriseer as individuele, tyd-
afhanklike termiese en hidrouliese aangroei-faktore wat op die karakteristieke
pakkingsverrigtingsvergelykings in die NTNKT verrigtingsvoorspellingsbere-
keninge toegepas word. Aangroei-faktore word, soos in hierdie studie, van-
uit die gemete data van langtermyn pakkingstoetse bereken, of word beraam
deur voorspellingsmetodes. Daar word gedemonstreer hoe die kombinasie van
voorspelde pakkingsaangroeifaktore en kragstasie-parameters soos die warmte-
tempo korreksie en brandstofkoste gebruik kan word om die lewenssikluskoste
van pakkings te bereken, wat die regverdige vergelyking van pakkingsontwerpe
moontlik maak.
Om vertroue in die gemete verrigting van NTNKT pakkings te verbeter, word
‘n algemene metode vir die onsekerheidsanalise van pakkingsverrigtingsmetings
ontwikkel. Vantevore is die onsekerheid van ‘n enkele toetspunt gedurende ‘n
pakkingsverrigtingstoets bereken. Die huidige studie brei geweldig uit hierop
deur die onsekerheid van alle toetspunte te bereken en daarna hierdie onse-
kerheid te propageer, eerstens na die onsekerheid van die pakkingsverrigtings-
vergelykings (bekend as regressie-onsekerheid) en daarna na die verrigtings-
onsekerheid van die NTNKT. Daar word bepaal dat dit noodsaaklik is om
gekorreleerde onsekerheid in die berekening van die regressie-onsekerheid in
te sluit, maar dat dit weggelaat mag word, met relatiewe klein foute, by die
NTNKT verrigtingsonsekerheid-vlak. Die ontwikkelde onsekerheidsanaliseme-
tode voorsien streng regverdiging van enige verrigtings-verwante kommersiële
besluite wat op pakkingsverrigtingstoetse gebaseer is.
Die ontwikkelde pakkingsaangroeifaktor- en onsekerheidsanalisemetodes word
toegepas op die weeklikse verrigtingstoetse van vier pakking-monsters wat oor
nagenoeg 40 weke by ‘n pakkingsaangroeitoetsaanleg by ‘n steenkool-kragstasie
in Suid-Afrika getoets is. Hierdie aanleg stel pakking-monsters bloot aan toe-
stande naby aan dié in praktyk, insluitend die gebruik van kragstasie verkoel-
ingswater. Alhoewel daar beperkings is op die toetsdata as gevolg van die
relatiewe kort toetstydperk en lae neiging tot aangroei van die getoetsde pak-
kings, asook probleme wat die termiese toetsdata grootliks onbruikbaar maak,
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Chapter 1: Introduction
1.1 Natural draught wet cooling towers in
Rankine cycle power plants
Natural draught wet cooling towers (NDWCTs) are used worldwide to pro-
vide process cooling, including to both nuclear and conventional steam-turbine
power plants, where they provide the cooling required to condense turbine ex-
haust steam.
Figure 1.1 shows the primary (Rankine) and secondary (cooling) cycles of a
conventional indirect wet-cooled steam-turbine power plant. The primary cy-
cle utilises a boiler feedwater pump (or pumps) which feeds water to a boiler
at high pressure. Heat is added to the water in the boiler, turning it into
superheated steam. This steam flows to the turbine, which produces mechan-
ical power (rotation) by extracting enthalpy from the steam. The mechanical
power is converted to electrical power by a generator connected to the turbine.
Steam exits the turbine to the shell side of a shell- and tube heat exchanger
called the steam surface condenser (SSC). Here the steam is condensed to
water, which flows back to the boiler feedwater pump, completing the cycle.
Figure 1.1: Conventional power plant primary and secondary cycles
The water in the secondary cycle, known as cooling water, is isolated from the
water/steam of the primary cycle. The secondary cycle utilises a cooling water
pump (or pumps) which supplies cooling water to the tube side of the SSC.
The cooling water inside the tubes is heated by the condensing steam outside
the tubes, exits the SSC and flows to the NDWCT through large pipes. The
hot cooling water is cooled in the NDWCT while losing a portion of its mass
1
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flow to evaporation. The cold cooling water exiting the NDWCT returns to
the cooling water pump, completing the cycle.
The shell side of the SSC operates under vacuum due to the high rate of
condensation taking place. Since a phase change from steam to water takes
place in the SSC shell side, the operating temperature and pressure are coupled,
meaning that the SSC shell side pressure has a direct influence on the primary
cycle efficiency (Cengel and Boles, 2006). There is also a maximum allowable
condenser pressure, determined by the turbine manufacturer (McCloskey et al.,
2011), and to avoid exceeding this limit, it may be necessary to reduce the
steam mass flow through the turbine, and thus the power produced by the
turbine, under certain conditions. This results in a "load loss": the unwanted
reduction in electricity generation capacity of the power plant.
The condensation rate, and consequently the operating pressure, in the SSC is
dependent on its cooling capacity, which in turn is a function (amongst other
influencing factors) of the tube-side cooling water inlet temperature as supplied
from the NDWCT. The cooling capacity of the NDWCT serving the power
plant therefore has a direct impact on the power plant’s revenue generating
capacity (avoidance of load losses) and fuel cost (primary cycle efficiency).
1.2 NDWCT operation
A NDWCT (see Figure 1.2) consists of a cylindrical or hyperboloid shell con-
structed from steel or concrete with cooling water from the SSC (or other
process) entering the shell into a system of elevated pipes. The cooling water
exits the pipes through sprayers spaced over the shell cross-section, with the
space occupied by sprayed water known as the spray zone. The sprayed cool-
ing water falls onto the porous medium, known as fill, and moves downward
through the fill due to gravity, exiting at the bottom. Below the fill, the cool-
ing water falls as a dense rain into the pond, with the space between the fill
and the pond known as the rain zone. From the pond, the cooling water is
collected and returned to the SSC via the cooling water pump(s).
Sensible heat transfer and enthalpy transfer from the cooling water to air in
the shell takes place in the spray zone, fill and rain zone. The heated and
moistened air inside the shell has a lower density than the atmospheric air
surrounding the shell, with the resulting buoyancy causing an upward air-
flow inside the shell. As the moistened air leaves the top of the shell, fresh
atmospheric air is drawn into the bottom of the shell, creating a "natural
draught". While heat transfer generally takes place from the cooling water
to the air, as in Kröger (2004), there are certain conditions where the air is
cooled by the water, with the draught being generated by the lower density of
moistened air only (Kloppers and Kröger, 2004).
Atmospheric air enters the NDWCT through the inlet at the bottom of the
shell, being partially restricted by the shell supports. The air flows horizontally
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through the rain zone and turns to flow upward through the fill and spray zone,
losing pressure due to both the elevation change and flow restrictions. The air-
flow entrains some droplets as it moves upwards through the spray zone. The
drift eliminators, installed above the sprayers, remove virtually all entrained
droplets from the air-flow, reducing the NDWCT’s water consumption, while
causing an increased air-flow restriction. Air continues to flow upwards, ul-
timately existing at the top of the shell. The air-flow rate through the shell
is determined by the balance of the upward draught and losses caused by the
zones and components in the NDWCT.
Figure 1.2: NDWCT layout and internal components (adapted from Kröger
(2004))
1.3 NDWCT fill
The cooling capacity of NDWCTs is improved by the installation of fill, which
increases the surface area and contact time between the air and cooling water.
Fills are constructed from wood, metal, asbestos or various plastics in the
form of slats, sheets or lattices, which aim to spread the cooling water in a
thin layer across a large surface area, break the flow into small droplets or
some combination of these methods. The measure of a fill’s performance is a
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combination of its thermal (heat and mass transfer) and hydraulic (air-pressure
loss) performance (Monjoie et al., 1993).
1.3.1 NDWCT fill fouling
NDWCTs, and especially the fills, are subject to fouling. NDWCTs operate
in ambient air which may contain dust, atmospheric pollutants and biological
matter such as grasses, seeds or spores. The cooling water used in NDWCTs
may contain biological, chemical and mineral contaminants, either from its
source state or due to contaminant exposure during operation. NDWCTs
utilise evaporation for part of their cooling capacity, which concentrates any
dissolved solids in the cooling water (Kröger, 2004).
Fill fouling terminology differs slightly between sources and is therefore defined
for this study as all unwanted build-up of organic and inorganic contaminants
on the fill surface. This includes scale (see Section 3.1), which is categorised
separately by some sources, such as Aull (2013) and Monjoie (2009). The
definition does not include the initial period of some fills’ operation, known
as ageing, during which small amounts of deposit may form on the fill sur-
face, with fill performance generally increasing during this period (Zaorski
and Miller, 2017).
Fill fouling formation, growth and its performance effects are dependent on
factors such as fill design, cooling water quality, temperature and cooling water
flow rates, among possible others, and can range from negligible to extreme,
based on these factors (this is discussed in detail in Chapter 3). Fouling leads
to fill mass gain, while reducing both the thermal and hydraulic performance of
fills (Monjoie et al., 1993). Consequently, fill fouling results in reduced cooling
tower capacity, increased SCC pressures, reduced primary cycle efficiency and
increased fuel costs at conventional steam-turbine power plants. As reported
in Augustyn (2019), extreme cases of fouling may lead to load losses and even
the structural collapse of fills.
1.3.2 NDWCT fill types
Numerous fill designs are available, or have previously been available, from
various suppliers. In general, each design falls into one of a number of fill
types and due to the differences in the performance and fouling behaviour of
these types, a brief discussion of each fill type is provided.
1.3.2.1 Splash fill
Splash fill designs (see Figure 1.3) aim to break the cooling water flow into
numerous small droplets to increase the surface area in contact with the air.
This is done by creating more and smaller droplets through a combination of
three mechanisms according to Michaels (2015): droplets create splashes when
they fall onto the top of the fill slats or into small troughs or pools formed
by the fill, falling droplets impacting the edges of the fill are cut and droplets
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dripping from the fill slats.
Splash fills are manufactured from metal or plastics and take various forms.
Different layers of fill are typically spaced vertically at 200 mm to 600 mm
intervals, suspended in position with steel wires, up to an installed height
of 5 m to 8 m (Kröger, 2004). The advantage of splash fills is that they
are highly resistant to fouling (Monjoie, 2009; Dahm et al., 2015) while the
main disadvantage is low thermal performance per fill volume, requiring fill
heights much greater than other fill types and the consequent construction
of larger cooling towers for the same thermal performance (Puckorius, 2013).
Additionally, due to their mechanism of operation, splash fills cause greater
entrainment of droplets in the upward air-flow than other fill types, resulting
in higher rates of water loss to the environment (Kröger, 2004).
1.3.2.2 Asbestos cement fill
Asbestos cement fill consists of vertically installed parallel flat or corrugated
asbestos cement sheets installed in several layers (see Figure 1.4) up to a height
of 1.8 m to 2.5 m (as seen in Kröger (2004)). The design aims to spread the
cooling water flow in a thin layer over the fill surface to maximise the surface
area of cooling water in contact with the air-flow.
Figure 1.3: Splash fill (Augustyn, 2017) Figure 1.4: Asbestos cement fill
installed in a NDWCT, viewed
from below (Ruszkowski, 2016)
According to Kröger (2004), advantages of this type of fill include low pressure
drop for the thermal performance, while disadvantages include possible uneven
cooling water distribution, which reduces heat transfer effectiveness, and an
increased fouling tendency compared to splash fills due to lower water veloci-
ties. Bosman (1985) considers asbestos cement fill to have superior long-term
structural integrity compared to modern plastic fills.
Due to the health risks associated with asbestos, the South African govern-
ment has banned the manufacture and installation of new asbestos components
(Republic of South Africa. Department of environmental affairs and tourism,
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2008), as has many other countries (Bosman, 1985). While asbestos cement
was once widely used, it is due to these health risks and regulations that as-
bestos cement is no longer specified in new installations and, where installed,
is being gradually replaced with fills of other materials (Ruszkowski, 2016).
1.3.2.3 Film fill
Film fill designs were first developed in the 1970s and 1980s to provide in-
creased thermal performance compared to splash fills and asbestos cement fills
(Mortensen and Conley, 1994; Zaorski and Miller, 2017). Film fill consists of
thin corrugated or flat plastic sheets that are formed and bonded together to
create flow paths, known as cores or flutes, for the cooling water and air. Like
asbestos cement fill, film fill makes use of a thin layer of water forming over
the fill surface to increase the contact area between the water and air, but
the plastic construction allows the design of complex flute routes to further
increase mixing of the flows and residence time.
Three sub-types of film fills exist, categorised by their flute routing: vertical
fluted (shown in Figure 1.5), vertical offset and cross-corrugated. These have,
respectively, the lowest, intermediate and highest of thermal performance,
pressure drop and fouling potential (Puckorius, 2013). While the installed
fill height is expected to vary depending on the sub-type and specific design
of film fill selected, Whittemore and Massey (1992) indicates cases requiring
only 0.9 m to 1.2 m.
Advantages of film fills include good thermal performance due to their large
surface area to volume ratio (Puckorius, 2013) as well as strength, durability
and low weight (Kröger, 2004). According to Puckorius (2013), the main
disadvantage of film fills are their propensity to fouling .
1.3.2.4 Trickle fill
Trickle fills (see Figure 1.6) are a relatively new type of fill (Kröger, 2004),
which are contructed as metal mesh or plastic injection moulding to create
a "wire-frame" of thin members along which cooling water droplets can run,
exposing the droplets to the air-flow. According to Dahm et al. (2015), the
thermal performance of some of these fills are comparable with some vertical
fluted and vertical offset film fills.
Advantages of this fill type are that they can be assembled at the installation
location, resulting in reduced transport costs, and that some designs allow
cleaning using high-pressure water (Dahm et al., 2015), whereas most other
fill types are difficult or impossible to clean after installation. The disadvantage
of this type is that some designs have a similar propensity to fouling as film
fills (Zaorski and Miller, 2017). Installed heights may vary widely due to the
large performance range of different design of this fill type, as seen in Dahm
et al. (2015).
Some modern fill designs, known as modular splash fills, externally resemble
Stellenbosch University https://scholar.sun.ac.za
CHAPTER 1. INTRODUCTION 7
trickle fills, however, like splash fills, they rely on droplet formation to increase
the contact area between the cooling water and air-flow. This is done by
creating downward-facing points or edges in the fill where droplets form and
fall from, which allows these fills to maintain a similar resistance to fouling as
traditional splash fills (Dahm et al., 2015).
Figure 1.5: Vertical fluted film fill
(Augustyn, 2018)
Figure 1.6: Trickle fill (Augustyn,
2017)
1.4 Study background
Eskom, South Africa’s state-owned power utility, operates 61 NDWCTs in its
fleet of 15 coal-fired power stations. Of these NDWCTs, 36 contain asbestos
cement fill, 16 splash fill and 9 trickle fill. Due to the health risks associated
with asbestos, Eskom has decided to remove all asbestos from its operating
plants, including asbestos cement fills in its NDWCTs, by 2033. Furthermore,
a number of Eskom power stations have experienced severe fill fouling, which
has led to reduced NDWCT cooling capacity and consequently to primary
cycle efficiency losses and load losses. Due to these reasons, Eskom has to
replace large amounts of NDWCT fill in the near future, with the total cost
estimated to be several billion South African Rand.
Due to the large capital investment and the risks of making incorrect fill selec-
tions, Eskom has decided to investigate methods to reduce the uncertainties
in selecting replacement fill designs. This requires analysis of the performance
of four cooling tower fill characteristics (similar to the fill characteristics in
Troncin (2012)): thermal and hydraulic performance, fouling performance,
fire resistance and structural integrity.
While supplier performance guarantees have historically been relied on to en-
sure performance in operation, they are not seen by Eskom as adequate for fill
replacement contracts for the following reasons:
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(i) Performance tests of NDWCTs are affected by both atmospheric con-
ditions and power plant performance and off-design operation during
testing makes enforcement of penalties based on these tests difficult.
(ii) Fill fouling performance is heavily dependent on cooling water chemistry
and this may change with time as raw water sources and treatment
methods are changed. This also makes it difficult to determine how a
fill will perform, in terms of fouling, at a specific location.
(iii) Guarantee periods usually last only a few years at best, while some of
the fill deficiencies may only be revealed after many years of operation.
While all of the issues mentioned above cannot be countered fully, Eskom has
nonetheless decided to perform in-house testing of NDWCT fills as part of the
commercial comparison of fills. Before this is done, better understanding of
the testing methods and interpretation of testing data on the four performance
characteristics was sought to ensure fair commercial comparison between com-
peting fill designs. This study considers the fouling performance of NDWCT
fills and utilises a fill fouling test facility installed in late 2018 at an Eskom
coal-fired power station.
1.5 Motivation
This study is motivated by Eskom’s need, as a state-owned company, to ad-
equately justify its commercial decisions. In the case of NDWCT fill replace-
ment, the selection of a specific replacement fill carries the risk of primary cycle
efficiency reduction and load losses due to NDWCT performance degradation
caused by fill fouling. A method or methods to quantify the impact of this
risk would allow Eskom, or other power utilities, to better justify fill selection
decisions.
The testing performed during this study presents an opportunity to investigate
fill fouling in conditions closely approximating actual operation, using actual
cooling water at a power station, as well as detailed thermal and hydraulic
testing of the fills while operating for months or even years. As such, this study
is partially motivated by the availability and capabilities of the fill fouling test
facility.
1.6 Objectives
The objectives of this study are to:
(i) Determine how to best quantify the fouling of NDWCT fills and how to
use this quantification to compare different fills for commercial consid-
eration.
(ii) Critically analyse the Eskom fill fouling test facility design and results.
(iii) Apply the developed methods to the fouling test results of a minimum
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of four fill designs and draw conclusions.
1.7 Limitations
The limitations relevant to this study are:
(i) The fill fouling test facility was procured by Eskom, with the design
and some of the manufacturing having been completed by the start of
this study. The test facility was operated and maintained by the man-
ufacturing contractor for the duration of this study, in line with the
contractual stipulations. The candidate had no authority to change the
design, perform repairs or make modifications.
(ii) The fill fouling test facility was designed for long-term continuous testing
and does not allow for frequent shut-downs, calibration and verification
of measurements.
(iii) The testing data utilised in this study consists of less than a year of
continuous testing. Fill fouling testing done at an operational NDWCT
by Whittemore and Massey (1992) took 35 to 50 months to show ap-
proximately steady-state conditions for fill mass gain. Any conclusions
drawn from the Eskom fill fouling test facility about the long-term foul-
ing performance of the tested fills in this study may therefore not be
viewed as accurate. The methods developed to quantify the effects of fill
fouling are, however, applicable generally at the Eskom fill fouling test




Chapter 1 presents an introduction to NDWCT operation, as well as the back-
ground, motivation, objectives and limitations of this study.
1.8.2 Chapter 2
Chapter 2 provides the cooling tower performance prediction theory, starting
with derivation of the Merkel method of heat- and mass-transfer quantifica-
tion and showing how this is applied in a one-dimensional NDWCT model.
The calculation of NDWCT performance using power plant heat rate correc-
tion is also introduced. Appendix D shows a sample calculation of NDWCT
performance prediction, including heat rate correction.
1.8.3 Chapter 3
Chapter 3 contains a summary of the available literature of NDWCT fill foul-
ing: the different types of fouling are defined, along with discussions on how
each type forms, grows and is controlled. Literature on fill fouling quantifi-
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cation methods, including the effects of fouling on fill performance is also
provided.
1.8.4 Chapter 4
Chapter 4 presents the details of the Eskom fill fouling test facility, as well as
the methods to utilise fill performance test data to calculate fill performance
inputs to NDWCT performance prediction calculations. Appendix C shows a
sample calculation of fill performance results at a single test operating point,
as well as the use the results of all test operating points in a fill performance
test to obtain the fill performance characteristic equations.
1.8.5 Chapter 5
Chapter 5 presents experimental uncertainty calculation theory and develops
a general approach to fill performance measurement experimental uncertainty
calculation and its propagation to NDWCT performance prediction uncer-
tainty. The uncertainty considerations for the Eskom fill fouling test facility
are discussed. Appendix E shows an example calculation of fill performance
uncertainties for the fill in Appendix C and the propagation of these uncer-
tainties to the NDWCT in Appendix D.
1.8.6 Chapter 6
Chapter 6 provides the statistical motivation for separation of the thermal
and hydraulic effects of fouling. A method applying this separation is pro-
posed for quantification of fill fouling as individual thermal and hydraulic fill
fouling factors, which scale the thermal and hydraulic performance character-
istic equation of the fill’s initial measured performance. Appendix F shows a
comparison of NDWCT performance calculated using the traditional fill per-
formance characteristic equations and NDWCT performance calculated using
fill fouling factors, as well as an example NDWCT lifecycle calculation using
fill fouling factors.
1.8.7 Chapter 7
Chapter 7 presents the results obtained from the fill fouling test facility, in-
cluding the measured fill performance (with uncertainties), as well as measured
mass gains and visual inspections of fill fouling deposits.
1.8.8 Chapter 8
Chapter 8 contains concluding remarks, recommendations for testing and fu-
ture work.
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prediction
NDWCT performance prediction calculations form an integral part of the fill
fouling quantification methods presented in this study. Kröger (2004) presents
a one-dimensional NDWCT performance prediction model based on the Merkel
method. The following sections present the Merkel method, before illustrating
how Kröger (2004) employs this method in NDWCT performance prediction
calculations. Power plant heat rate correction calculations are also introduced.
2.1 The Merkel method
The Merkel method was originally developed by Merkel (1926), and quantifies
wet cooling heat and mass transfer in terms of the non-dimensional Merkel
number. It is derived here for a NDWCT fill, as presented by Kloppers (2003),
with Lfi denoting the fill height. A Merkel number is, however, defined for
each of the three heat and mass transfer zones in a NDWCT (see Figure 1.2),
as well as for the entire NDWCT. For zones other than the fill, or the entire
NDWCT, Lfi denotes the air travel distance.
Figure 2.1 shows the control volume at the interface between cooling water
(from now only called water) and air in a counterflow wet cooling tower with
evaporation of water taking place. The differential elevation change is denoted
by dz, while m denotes mass flow rate, i denotes enthalpy, w denotes the
vapour mass fraction in air and the subscripts w, a and ma denote water,
dry air and air-vapour mixture respectively. The mass balance of the control
volume in Figure 2.1a is:
(mw + dmw) +ma(1 + w) = mw +ma(1 + w + dw) (2.1)
which simplifies to:
dmw = madw (2.2)
The energy balance of the control volume in Figure 2.1b is:
(mw + dmw)(iw + diw) +maima = mwiw +ma(ima + dima) (2.3)
Simplifying and neglecting second-order terms yield:
madima −mwdiw − iwdmw = 0 (2.4)
The differential change in water enthalpy is expressed as:
diw = cpwdTw (2.5)
where cpw is the specific heat capacity of water and Tw is the water tem-
perature. With cpw varying little in the temperature ranges applicable to wet
cooling towers (approximately 0.7 % between 0 ◦C and 60 ◦C) and defining the
11
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(a) Mass balance (b) Energy balance
Figure 2.1: Control volume of the water-air interface in a counterflow wet
cooling tower (Kloppers, 2003)
enthalpy of water at 0 ◦C as 0 kJ/kg, the enthalpy of water can be expressed
as:
iw = cpwTw (2.6)
with Tw in ◦C.
Substituting Equation 2.5 into Equation 2.4 yields:
mwcpwdTw = madima − iwdmw (2.7)










The heat transfer rate at the water-air interface is expressed as:
dQ = dQm + dQc (2.9)
where Q is the total heat transfer rate, Qm is the enthalpy transfer rate and
Qc is sensible heat transfer rate. Mass transfer is defined as:
dmw = hd(wsw − w)dA (2.10)
where hd is the mass transfer coefficient, wsw is the vapour fraction of the
air saturated with water vapour and dA is the differential surface area of the
water-air interface. The enthalpy transfer rate is then:
dQm = ivdmw = ivhd(wsw − w)dA (2.11)
where iv is the enthalpy of water vapour at Tw, defined as:
iv = ifgw0 + cpvTw (2.12)
where ifgw0 is the heat of vaporisation at 0 ◦C (see Equation A.15) and cpv is
the specific heat capacity of water vapour.
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Sensible heat transfer is defined as:
dQc = h(Tw − Ta)dA (2.13)
where h is the heat transfer coefficient and Ta the air temperature. The en-
thalpy of saturated air at Tw is:
imasw = cpaTw + wswiv (2.14)
where cpa is the specific heat capacity of dry air. The enthalpy of the air-vapour
mixture at Ta is expressed as:
ima = cpaTa + wiv (2.15)
Subtracting Equation 2.15 from Equation 2.14 yields:
imasw − ima = cpaTw + wswiv − cpaTa − wiv (2.16)
The specific heat capacity of the air-vapour mixture is defined as:
cpma = cpa + wcpv (2.17)
Equation 2.16 is converted from using the dry air specific heat capacity (cpa)
to use the specific heat capacity of the air-vapour mixture (cpma) by assuming
that cpa ≈ cpma. Subsequently rearranging Equation 2.16 yields:
Tw − Ta =
(imasw − ima)− (wsw − w)iv
cpma
(2.18)
Substituting Equation 2.18 into Equation 2.13 results in:
dQc = h
(


































Substituting Equation 2.21 into Equation 2.20 yields:
dQ = hd
[
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Lef (imasw − ima)− (1− Lef )(wsw − w)iv
]
dA (2.24)
The differential heat and mass transfer area for a fill is written as:
dA = afiAfrdz (2.25)
where afi is the fill surface area per unit volume and depends on the fill design
and Afr is the fill frontal area. Substituting Equation 2.25 into Equation
2.24 gives the general differential equation of enthalpy change with height in







Lef (imasw − ima)− (1− Lef )(wsw − w)iv
]
(2.26)
From here, two simplifying assumptions are made: that the value of Lef is
1 and that evaporative loss is negligible, i.e. dw = 0. The first assumption






(imasw − ima) (2.27)



















(imasw − ima)dz (2.29)










where Two and Twi are the outlet (bottom) and inlet (top) water temperatures
respectively, and zb and zt are the bottom and top fill elevations respectively.










where Lfi is the fill height (zt−zb) and Gw is the fill water mass flux, based on
the fill frontal area (Afr). The values of afi and hd are difficult or impossible
to determine and values on the right-hand side of the expression are never
used in calculations (Kloppers, 2003). The Merkel number is only determined
using the integral form. This method does not allow the calculation of the
outlet air conditions of the zone or the entire NDWCT under consideration. It
is therefore assumed that the outlet air is saturated with vapour, which allows
calculation of the necessary outlet fluid properties.
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2.2 NDWCT performance prediction
calculation
NDWCT performance prediction calculations are performed according to the
method described in Kröger (2004), which consists of the simultaneous so-
lution of the draught, heat- and mass-transfer and energy equations. The
draught equation states that the change in static pressure over the height of
the NDWCT due to both elevation change and mechanical energy losses caused
by air-flow obstructions is equal to the atmospheric pressure reduction due to
elevation change only outside the tower (∆ptower = ∆pelevation). The heat- and
mass-transfer equation (also known simply as the transfer equation) states that
the Merkel number of the entire NDWCT is equal to the sum of the Merkel
numbers of the spray, fill and rain zones (Metower = Mesp + Mefi + Merz).
Finally, the energy equation states that the rate of heat loss by the water is
equal to the rate of heat gain by the air (Qwater = Qair). The details of each
of these simultaneous equations is discussed separately in the following sec-
tions. Where empirical equations are referenced to other sources, these are as
referenced by Kröger (2004).
2.2.1 The draught equation
The elements of the draught equation are described in the following sections.
Sections 2.2.1.1 to 2.2.1.10 describe the quantification of mechanical energy
losses in the air-flow path through the use of pressure loss coefficients. Sec-
tion 2.2.1.11 describes the pressure reduction, due to elevation change, in the
column of vapour-saturated air rising above the fill, while Section 2.2.1.12 de-
scribes the pressure difference at the shell outlet elevation between the inside
and outside of the NDWCT. Section 2.2.1.13 describes the pressure reduction,
due to elevation change, in atmospheric air, which applies from ground level
to the fill inside the NDWCT, as well as from ground level to the shell outlet
outside the NDWCT. Finally, Section 2.2.1.14 describes the combination of
the various equations in Sections 2.2.1.1 to 2.2.1.13 to generate the draught
equation. Figure 2.2 shows the main NDWCT dimensions, numbered locations
and pressure loss elements used in these calculations. The numbered locations
are used as subscripts in the calculations that follow to indicate the location
that fluid and flow property symbols refer to. Combined location subscripts
(ij) indicate a mean property or parameter based on conditions at i and j.
2.2.1.1 Pressure loss coefficients
Mechanical loss elements in the NDWCT air-flow path are taken into account
using pressure loss coefficients (K) of those elements, with the resultant pres-




























3 Bottom of fill
4 Above spray zone
5 Above drift eliminators
6 Outlet (inside shell)
7 Outlet (outside shell)
Figure 2.2: NDWCT dimensions, numbered locations and pressure loss
elements (adapted from Kröger (2004))
where vavj is the velocity, mavj the mass flow and ρavj the density of the
air-vapour mixture (subscript av) at pressure loss element j, while Aj is the
frontal area of element j. Kröger (2004) simplifies the display of the draught
equation, avoiding the use of the mav, ρ and A of every element, by generating
a modified pressure loss coefficient which refers to the fluid and flow conditions
at the fill location, known as the pressure loss coefficient "referred to the fill"




where location 15 denotes the mean fill location and Afr denotes the fill frontal
area.
2.2.1.2 Shell supports loss coefficient
The NDWCT shell is supported by concrete columns, usually arranged in a
parallel, x- or v-shape, which cause an obstruction to the air-flow as it enters
the shell. The support loss coefficient is expressed as:
Kts = CdtsLtsdtsnts/(πd3H3) (2.34)
where Cdts denotes the drag coefficient, which is a function of the support
shape and orientation, Lts the length, dts the diameter and nts the number of






where the inlet area is calculated as A2 = πd3H3.
2.2.1.3 Shell inlet loss coefficient
A pressure loss is caused by separation and other disturbances at the shell inlet
and the calculation of its pressure loss coefficient is dependent on the type of fill
installed in the NDWCT. For film- and fiber sheet fills, the following expression
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by Geldenhuys and Kröger (1986) is used:
Kct = 0.072 (d3/H3)
2 − 0.34 (d3/H3) + 1.7 (2.36)
which is referred to the fill using Equation 2.33:
Kctfi = Kct(ρav15/ρav1)× (4Afr/πd23)2 × (mav1/mav15)2 (2.37)
For splash or trickle fills, the loss coefficient is calculated for an inlet with no
rain zone using the following equation from De Villiers and Kröger (2001):
Kct(norz) = 0.011266× e0.093×d3/H3K2fi − 0.3105× e0.1085×d3/H3Kfi
− 1.7522 + 4.5614× e0.131×d3/H3
+ sinh−1
[
{(10970.2× e−0.2442×Kfi + 1391.3)
/(d3/H3 − 15.7258) + 1205.54× e−0.23×Kfi + 109.31}
× {2 ri/d3 − 0.01942/(d3/H3 − 27.929)− 0.016866}
]
(2.38)
applicable where 7.5 ≤ d3/H3 ≤ 15, 5 ≤ Kfi ≤ 25 and 0 ≤ ri/d3 ≤ 0.02, with
ri denoting the radius of the shell inlet rounding and Kfi denoting the fill loss







The fill referred loss coefficient is corrected with the rain zone correction factor
Crz (De Villiers and Kröger, 2001):
Crz =
[
0.2394 + 80.1 (0.0954/(d3/H3) + dd)× e0.395×Gw/Ga
− 0.3195 (Gw/Ga)− 966 (dd/(d3/H3))× e0.686×Gw/Ga
]
× (1− 0.06825 Gw)K0.09667fi × e8.7434 (1/d3−0.01)
(2.40)
where Ga is the dry air mass flux through the fill and dd is the mean droplet
diameter in the rain zone, which may be calculated as the Sauter mean droplet












where ndi denotes the number of droplets with diameter ddi.
The fill referred and rain zone corrected shell inlet loss coefficient for splash or
trickle fills is:
Kctfi = CrzKctfi(norz) (2.42)
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2.2.1.4 Rain zone loss coefficient
The loss coefficient in the rain zone is expressed as:
Krz = 3avvw3(H3/dd)
[
0.2246− 0.31467 aρρav1 + 5263.04 aµµav1
+ 0.775526 (1.4824163 e71.52 aLdd − 0.91)
× (0.39064 e0.010912 aLd3 − 0.17)
× (2.0892 (avvav3)−1.3944 + 0.14)× ek
] (2.43)
where:
k = (0.8449 ln(aLd3/2)− 2.312)× (0.3724 ln(avvav3) + 0.7263)
× ln(206.757 (aLH3)−2.8344 + 0.43)
(2.44)
and µ denotes dynamic viscosity and the subscript w denotes water. The
applicability ranges for Equation 2.43 are:
0.00075 m/s ≤ vw ≤ 0.003 m/s 10 ◦C ≤ Tw ≤ 40 ◦C
0.0696 N/m ≤ σw ≤ 0.0742 N/m 0.002 m ≤ dd ≤ 0.008 m
0.927 kg/m3 ≤ ρa ≤ 1.289 kg/m3 0 ◦C ≤ Ta ≤ 40 ◦C
1 m/s ≤ vazo ≤ 3 m/s 4 m ≤ H3 ≤ 12 m
992.3 kg/m3 ≤ ρw ≤ 1000 kg/m3 9.7 m/s2 ≤ g ≤ 10 m/s2
1.717× 10−5 kg/ms ≤ µa ≤ 1.92× 10−5 kg/ms 30 m ≤ di/2 ≤ 70 m
with σw denoting surface tension, g denoting gravitational acceleration and
the subscript wo denoting the water outlet conditions of the NDWCT. Flow
velocities in Equation 2.43 and 2.44 are calculated using:
vw3 = Gw/ρwo (2.45)
vav3 = mav1/(ρav1Afr) (2.46)
vazo = ma/(ρav1Afr) (2.47)
Equations for the coefficients in Equation 2.43 and 2.44 are:
aµ = 3.061× 10−6 [ρ4wog9/σwo]0.25 (2.48)
aρ = 998.0/ρwo (2.49)





aL = 6.122 [gσwo/ρwo]
0.25 (2.51)






2.2.1.5 Fill support and contraction loss coefficient
The fill support structure usually consists of beams beneath the fill, causing
an obstruction to the air-flow. Additionally, the fill may not cover the entire
cooling tower cross-section, with the remaining area being blocked by plates (or
similar devices), causing a flow contraction loss. The loss coefficient symbols
for these are Kfs and Kctc respectively. Kröger (2004) does not provide specific
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values or equations for these, but uses a value of 0.5 for Kfs +Kctc in example
calculations. Referred to the fill using Equation 2.33, this is expressed as:
(Kfs +Kctc)fi = 0.5 (ρav15/ρav1)(mav1/mav15)
2 (2.53)
If additional information is available for these loss coefficients for specific
NDWCT installations, that should be used and referred to the fill.
2.2.1.6 Fill loss coefficient
The fill pressure loss coefficient is one of the main performance parameters of
the cooling tower fill, along with the Merkel number. The pressure loss coeffi-
cient (Kfd, where the subscript fd denotes friction and drag) is not constant
and is usually characterised as a function of Gw and Ga for a specific fill design.
The fill loss coefficient is usually characterised by the supplier or other party
from data obtained in a test program which results in an empirical character-
istic pressure loss equation for a specific fill design. There are a number of















In each case the coefficients a through c (or d) are determined experimentally.
Because of the large amount of heat and mass transfer taking place in the
fill, the pressure loss coefficient as used in the NDWCT performance predic-
tion calculation, Kfi, takes account of both static and dynamic pressure loss
through the fill using the following equation:
Kfi = [(pi + ρaviv
2

























where the change in static pressure is calculated using:






and subscripts i, o and m denote the fill air inlet (bottom), outlet (top) and
mean locations respectively and where:
ρavm = 2/(1/ρavi + 1/ρavo) (2.58)
Gavm = (Gavi +Gavo)/2 (2.59)
The use of Equation 2.33 is not required here since fluid and flow properties
of the fill are used to perform the pressure loss coefficient calculation.
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2.2.1.7 Expansion loss coefficient
If the fill does not cover the entire tower cross-section, the flow expands down-
stream of the fill, with a resultant flow expansion loss. The coefficient for this







This is referred to the fill using Equation 2.33:
Kctefi = Kcte(ρav15/ρav5)(mav5/mav15)
2 (2.61)
2.2.1.8 Spray zone loss coefficient
The falling water droplets in the spray zone cause an air-flow pressure loss,
with the loss coefficient expressed by Cale (1982) as:
Ksp = Lsp[0.4 (Gw/Ga) + 1] (2.62)
and referred to the fill using Equation 2.33:
Kspfi = Ksp(ρav15/ρav5)(mav5/mav15)
2 (2.63)
2.2.1.9 Water distribution system loss coefficient
The value of the loss coefficient for the piping and ducts in the water distribu-
tion system used by Kröger (2004) is Kwd = 0.5 and is utilised in this study.
The resulting equation for the pressure loss factor referred to the fill using
Equation 2.33 is:
Kwdfi = 0.5 (ρav15/ρav5)(mav5/mav15)
2 (2.64)
If additional information is available for these loss coefficients for specific
NDWCT installations, that should be used and referred to the fill.
2.2.1.10 Drift eliminators loss coefficient





with the values for ade and bde being dependent on the drift eliminator design
and the flow parameter Ry being calculated using:
Ry = mav5/(µav5Afr) (2.66)
Referring this to the fill using Equation 2.33 yields:
Kdefi = Kde(ρav15/ρav5)(mav5/mav15)
2 (2.67)
2.2.1.11 Pressure reduction in column of rising air above the fill
The column of rising air above the fill is assumed to be saturated with water
vapour. As the air rises, it cools and water vapour condenses from it due to
the reduced vapour capacity of cooler air. The static pressure reduction in the
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column of rising air is expressed as:




1 + ξTa5(H6 −H3 − Lfi/2)
/Ta5
)−0.021233 (1+w5)/(ξTa5(w5+0.622))] (2.68)
where the temperature lapse rate is expressed as:
ξTa5 =
−(1 + w5)g
cpma5 + 3.6693× 10−8 w25pa5 e5406.1915/Ta5ie/T 2a5
× [1 + 0.42216× 10−11 w25pa5 e5406.1915/Ta5ie
/((w5 + 0.622) RaTa5)]
(2.69)
with the specific gas constant for dry air Ra = 287.08 J/kgK and the specific
heat capacity for the air-vapour mixture is calculated using:
cpma5 = cpa5 + w5cpv5 (2.70)
where cpa5 and cpv5 are evaluated at (Ta5 + 273.15 K)/2, and:
ie = ifgw0 − (cpw − cpv)(Ta5 − 273.15 K) (2.71)
2.2.1.12 Tower outlet pressure difference
The difference between the mean pressure at the tower outlet and the atmo-
spheric pressure at the same elevation outside the shell is expressed by Du
Preez and Kröger (1994) as:
pa6 − pa7 = (0.02 Fr−1.5D − 0.14/FrD)(mav5/A6)
2/ρav6 (2.72)
where A6 is the area of the cooling tower outlet. The densimetric Froude






The value of ρav6, the density of the air-vapour mixture at the cooling tower
outlet, is a function of pa6, making the calculation of pa6 − pa7 implicit. To
perform the iterative solution of pa6, Equation 2.72 is rearranged:




In addition, Du Preez and Kröger (1994) found that a pressure loss is caused
by distortions in the velocity profile and is expressed as:
∆pα = αe6(mav5/A6)
2(2ρav6) (2.75)
with kinetic energy coefficient of the outlet αe6 ≈ 1 for hyperbolic cooling tower
shells with horizontal heat exchangers or packing. Adding Equation 2.75 to
Equation 2.72 yields:
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It is unclear why the pressure loss due to the velocity profile distortion is added
by Kröger (2004) only after the iterative solution for pa6 in Equation 2.74 is
found.
2.2.1.13 Pressure reduction due to elevation increase in
atmospheric air











where H is the elevation above ground level, Ta1 is the air temperature and
w1 the vapour fraction at ground level. Equation 2.77 is used to calculate
the pressure reduction between ground level and the top of the tower due to
elevation change, withH = H7 and from ground level to the mean fill elevation,
with H = H3 + Lfi/2.
2.2.1.14 Draught equation solution
The total air-pressure reduction due to air-flow losses is expressed as a mod-
ification of Equation 2.32 at the fill location with the sum of all fill referred
pressure loss factors:∑
∆pK = (Kts +Kct +Krz +Kfs +Kctc +Kfi +Kcte +Ksp





The draught equation is expressed as:
(pa1 − pa7) = (pa1 − pa34) + (pa34 − pa6) + (pa6 − pa7) +
∑
∆pK (2.79)
Substituting Equation 2.77 with both H = H7 and H = H3 + Lfi/2 and
Equations 2.68, 2.72 and 2.78 into Equation 2.79 and rearranging yields:














1 + ξTa5(H6 −H3 − Lfi/2)
/Ta5
)−0.021233 (1+w5)/(ξTa5(w5+0.622))]




Kfi × (mav15/Afr)2/(2ρav15) + αe6(mav5/A6)2(2ρav6)
(2.80)
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Using Equation 2.77 and 2.78, the pressure at location 5 above the drift elim-
inators can be expressed as:
pa5 = pa1
[







With the flow and fluid properties at location 15 being functions of pa5, Equa-
tion 2.81 is implicit and is solved iteratively. Substituting Equation 2.81 into










× (1 + ξTa5(H6 −H3 − Lfi/2)/Ta5
)−0.021233 (1+w5)/(ξTa5(w5+0.622))



















Equation 2.82 is balanced by solving for the mean air-vapour mixture mass
flow rate between locations 1 and 5, mav15.
2.2.2 The transfer equation
The transfer equation states that the Merkel number of the NDWCT is equal
to the sum of the Merkel numbers of the rain zone, fill and spray zone:
MeNDWCT = Merz +Mefi +Mesp (2.83)
The NDWCT Merkel number (MeNDWCT ) is calculated using Equation 2.31.
The methods for calculating the values of the three heat and mass transfer zone
Merkel numbers are shown below in Section 2.2.2.1 to 2.2.2.3. The transfer
equation is balanced by solving for the NDWCT Two.
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2.2.2.1 Rain zone Merkel number
























0.90757 aρρav1 − 30341.04 aµµav1 − 0.37564
+ 4.04016
[(





0.713 + 3.741 (aLH3)
−1.23456
)(





−0.2092 aLH3 )ln(0.3719 e0.0019055 aLd3+0.55)
)]]
(2.84)
with the same applicability ranges as Equation 2.43. The specific gas constant
for water vapour is Rv = 461.52 J/kgK and the Schmidt number at location 1
is calculated using:
Sc1 = µav1/(ρav1D1) (2.85)














with molecular masses Ma = 28.97 g/mol and Mv = 18.016 g/mol and molec-
ular volumes Va = 29.9 m3/mol and Vv = 18.8 m3/mol.
2.2.2.2 Fill Merkel number
The fill Merkel number is dependent on the fill as well as its operating condi-
tions. It is usually expressed as a function of both Gw and Ga for a specific
fill design, with the function taking one of many different forms. Like with
the fill pressure loss factor, the characteristic equations of fill Merkel numbers







with the coefficients a, b and c being determined experimentally as part of
a test program. Kloppers (2003) determined that the water inlet tempera-











with the coefficients a through e being determined experimentally.
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2.2.2.3 Spray zone Merkel number
The Merkel number of the spray zone is determined with the following empir-
ical equation from testing data by Lowe and Christie (1961):





where Lsp denotes the height of the spray zone.
2.2.3 The energy equation
The energy equation states that the enthalpy gain of the air stream, as it moves
through the cooling tower from the inlet (1) to the top of the drift eliminators
(5), is equal to the enthalpy loss by the cooling water between its inlet (wi)
and outlet (wo):
QNDWCT = ma(ima5 − ima1) = mwcpwm(Twi − Two) (2.90)
This equation is balanced by solving for the outlet air temperature above the
drift eliminators (Ta5).
2.3 Heat rate correction
Annual NDWCT performance prediction calculations are performed by Kröger
(2004) to calculate the total annual power output of a wet-cooled Rankine cycle
using annual weather data. A NDWCT performance calculation is performed
for each entry of the tabulated annual wet-bulb temperature, dry-bulb tem-
perature and operating hours (see the first columns of Table F.3) of the power
plant under consideration. The rate of heat rejection by the SSC and the
power output of the plant are presented as functions of the SSC water inlet
temperature (which is equal to the NDWCT Two with heat losses in the con-
necting pipework neglected). The operating point of the NDWCT, for each
weather data entry, is then determined iteratively as the NDWCT Twi where
the QNDWCT according to Equation 2.90 matches the SSC heat rejection rate
(function of NDWCT Two). The annual power output is calculated as the sum
(weighted by operating hours) of the power outputs (function of the iteratively
calculated SSC water inlet temperature) of the weather data entries.
A variation of this method is the use of heat rate corrections which quantify the
primary cycle efficiency change, due to SSC water inlet temperature change,
introduced in Section 1.1. The heat rate is the energy input (kJ) required to
generate one kilowatt-hour of electricity, and the heat rat correction (CHR)
is the percentage change from some base heat rate (HRB) at a certain SSC
water inlet temperature. Heat rate corrections may be presented graphically,
such as the "heat-rate correction curve" in Figure 2.3.
The heat rate at a specific NDWCT Two is calculated as:
HR(Two) = HRB (100 + CHR(Two)) /100 (2.91)
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Figure 2.3: Heat rate correction curves for SSC water inlet temperatures at
various loads for an Eskom power plant
The rate of heat rejection by the NDWCT is the difference between the heat
input by the boiler (Qboiler) and the electricity generated (P ), assuming no
losses in the generator:
QNDWCT = Qboiler − P = P ×HR
(
Two)/3600− P
= P (HR(Two)/3600− 1
) (2.92)
As with the power output calculations in Kröger (2004), the operating point
is determined iteratively as the NDWCT Twi where the QNDWCT according to
Equation 2.90 matches QNDWCT according to Equation 2.92. With the oper-
ating point, and thus also the heat rate, known for every weather data entry,
the annual power plant energy input can be calculated as the sum (weighted
by operating hours) of the energy inputs, if the expected electrical outputs are
known, ultimately enabling calculation of the lifecycle energy input of a power
plant.
Kröger (2004) proposes the consideration of the long-term effects of the fouling
characteristics of competing NDWCT fills in the process of fill selection, as
fouling can have significant effects on the plant operating costs. Kröger (2004)
does not provide methods for quantification of fill fouling effects.
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literature study
This chapter provides a review of the relevant literature on NDWCT fill fouling.
It discusses the formation, growth and natural removal processes as well as the
factors which influence the accumulation of the three types of fill fouling listed
by Mirsky and Monjoie (1991): scale, biological fouling and suspended solid
deposition. After this, the effects of combined fouling of multiple types is
discussed, followed by fill fouling control methods and fouling quantification
methods.
3.1 Scale
Scale is defined as deposited salts formed by crystallisation and is commonly
found on heat exchanger surfaces where aqueous solutions, such as natural
water, are in use (Bott, 1995). The main scaling salts found in NDWCTs,
according to Monjoie (2009), are calcium carbonate (CaCO3) and calcium
sulphate (CaSO4).
3.1.1 Formation and growth
The crystallisation process of a dissolved salt in an aqueous solution is de-
scribed according to Bott (1995). It consists of three stages: supersaturation,
nucleation and crystal growth. Supersaturation is a concentration of the dis-
solved salt greater than the solubility limit of the salt at a specific temperature.
In evaporative cooling towers, the concentration of dissolved salts is increased
by the evaporation of water. Nucleation is the formation of micro-crystals,
called crystallites, in the supersaturated solution. Initially, crystallites form
at nucleation sites on surfaces or on impurities in the solution; this process
is called primary nucleation. More crystallites form near the existing crys-
tallites and this is called secondary nucleation. After the formation of stable
crystallites, individual crystals grow in the supersaturated solution. Different
theories are presented on the crystal growth process, but it may be described
as a diffusive mass transfer process governed by the following equation:
dMc
dt
= KGA(cb − ce)n (3.1)
where Mc represents crystal mass, KG is the crystal growth coefficient, A is
the surface area of the crystal, cb is the bulk fluid concentration of the salt,
ce is the equilibrium saturation concentration of the salt at the crystal face
and the integer n is the "order" of the process. The values of KG and n are
dependent on the exact crystallisation process.
Figure 3.1a shows scale formed on flat asbestos cement fill sheets. The scale
deposits form as sheets of approximately uniform local thickness across the
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asbestos fill surface. Figure 3.1b shows scale on splash fill, a fill type that is
considered highly resistant to fouling (see Section 1.3.2.1). Here scale forms as
stacked crystals with jagged edges.
(a) Asbestos cement fill with severe
scaling (Augustyn et al., 2018)
(b) Scaling on splash fill
Figure 3.1: Scaling on different fill types
3.1.2 Natural removal or growth inhibition
No mechanism was found that naturally inhibits the progress of fill scaling as
long as supersaturated concentrations of salts and nucleation sites exits. As
seen in Figure 3.1a, relatively large areas of scale may become detached from
the fill surface due to the increased mass of the scale overcoming the strength
of the bond with the fill surface.
3.1.3 Influencing factors
The influencing factors of NDWCT fill scaling according to Aull (2013) are
cycles of concentration being too high or incorrect treatment of the make-up
water (see Section 3.5.1.1), both leading to high concentrations of dissolved
solids. Whittemore and Massey (1992), Monjoie (2009) and Aull (2013) state
that areas of low water flow, caused by poor water distribution, have increased
likelihood of scale formation.
3.2 Biological fouling
Biological fouling of NDWCT fills consists of micro-organism attachment and
growth on fill surfaces. The details of biological fouling in the following sub-
sections are obtained from Characklis and Marshall (1990), unless otherwise
stated.
3.2.1 Formation and growth
Three types of biological fouling are associated with NDWCT fills: bacterial,
algal and fungal, although fungal fouling only affects wooden fills, which are
not considered in this study. Biological fouling is usually present on fills as
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a "biofilm" (Zaorski and Miller, 2017), which is defined as "cells immobilized
at a substratum and frequently embedded in an organic polymer matrix of
microbial origin". Formation of biofilm on fill surfaces is described similarly
by Characklis and Marshall (1990) and Zaorski and Miller (2017) and consists
of the following steps:
(i) The fill is initially clean of any contaminants. In the case of polypropy-
lene and polyvinyl chloride (PVC) fills, they are initially hydrophobic,
resulting in reduced thermal performance.
(ii) Organic molecules in the flowing water become attached to the fill surface
to "condition" it (also known as "aging" of the fill), shown in Figure 3.2a.
(iii) Individually floating (planktonic) microbial cells in the flowing water
impact the fill surface (see Figure 3.2b) where some become weakly and
temporarily attached (adsorped) and are then removed by shear forces
(desorped), known as reversible adsorption. A small number of the re-
versibly adsorped cells become irreversibly adsorped after remaining ad-
sorped for a certain critical time.
(iv) The adsorped cells grow on the surface, obtaining nutrition from the
flowing water.
(v) The cells excrete substances including extracellular polymeric substances
(EPS) which acts as a glue, keeping the structure of the biofilm intact.
(vi) Additional cells and inorganic matter become attached to the biofilm,
increasing its size and mass.
(a) Conditioning of the fill surface with
organic molecules
(b) Reversible and irreversible adsorption
of microbial cells
Figure 3.2: Biological fouling processes (Characklis and Marshall, 1990)
3.2.2 Natural removal or growth inhibition
Natural removal or detachment of the biofilm can be as a result of erosion
or sloughing. Erosion is the loss of small amounts of the biofilm due to shear
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forces, while sloughing is the loss of large amounts of biofilm at a time. Slough-
ing is more prevalent in thick biofilms with nutrient-rich flow and may be ini-
tiated by oxygen starvation or, according to Bott (1995), nutrient starvation
causing layers near the surface to die, leading to reduced adhesion capability.
The rate of growth of a biofilm is characterised as having an induction phase
with slow growth, a log accumulation phase with rapid mass increase and a
plateauing phase where approximately equal growth and removal rates, with
stable biofilm thickness, are reached. The entire growth period is represented
with a sigmoidal curve as shown in Figure 3.3.
Figure 3.3: Biological growth usually follows a sigmoidal curve (Characklis
and Marshall, 1990)
3.2.3 Influencing factors
Increased roughness of the fill surface leads to greater biofilm growth due to
a greater surface area and greater protection of microbrial cells from shear
forces. Water quality factors which affect biological fouling accumulation in-
clude the availability of organic carbon and other nutrients, which provide
energy for microbial growth, and inorganic particles, which get stuck in the
biofilm structure and add mass.
Biological processes in biofilms tend to increase in rate at higher temperatures
between 15 ◦C and 40 ◦C, with a marked decrease at 45 ◦C (these temperature
ranges are applicable to NDWCTs). The change in microbial growth rate is
highly sensitive to temperature when the biofilm is nutrient-saturated.
At very low water flow velocities, the biofilm accumulation rate is limited by
nutrient supply to the biofilm and thus, increased velocity increases the biofilm
accumulation. At high velocities, however, the biofilm growth accumulation is
limited by the detachment rate and increased velocity reduces the accumula-
tion rate. No indication is provided on what constitutes low and high water
flow velocities in NDWCT fills.
Biological factors have a significant effect on the rate of biofilm accumulation.
This includes the specific microbial communities present, as well as their inter-
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dependent interactions, which may range from no interaction, to cooperation,
to parasitism or a mixture of these interactions.
3.3 Suspended solid deposition
Suspended solid deposition or particulate deposition (see Figure 3.4) on NDWCT
fill occurs when entrained particles in the cooling water such as silt, mud, ash,
metallic corrosion products or other particles settle on the fill surfaces. Accord-
ing to Bott (1995), the deposition of both detached scale products (crystals)
and micro-organisms responsible for biological fouling may also be treated as
particulate deposition. The details of suspended solid deposition in the follow-
ing subsections are obtained from Bott (1995), unless otherwise stated.
3.3.1 Formation and growth
Suspended solid formation and growth is expressed as the difference between
the deposition and removal rates:
dMss
dt
= φD − φR (3.2)
where Mss is the suspended solid mass, φD is the deposition rate and φR
is the removal rate. Two steps are required for a suspended particle to be
deposited on the fill surface: firstly, the particle must be transported to the
surface by either Brownian motion (very small particles), turbulent diffusion
or momentum (very large particles) and, secondly, the particle must stick to
the surface.
A complex set of theoretical models for heat exchanger particle deposition are
presented, although these only partly describe the mass transfer to the surface,
since values of many of the variables required for deposition quantification are
unknown. Greater reliance is placed on empirical data, where it is available.
A simple quantification of the particulate deposition rate is:
φD = KtcbP (3.3)
where Kt is a transport coefficient for the case where all particles stick to the
surface, cb is the particle concentration in the bulk fluid and P is the "sticking
probability" which has a value 0 ≤ P ≤ 1. The values for both Kt and P are
empirically determined, but they are known to vary depending on the surface
condition, which changes as fouling progresses.
3.3.2 Natural removal or growth inhibition
While the suspended solid removal rate (φR) is not quantified in Bott (1995),
the mechanism of removal is explained as follows. Bulk fluid velocity gener-
ates shear force in the viscous sublayer of a turbulent fluid flow near a wall.
Pure shear forces would only tend to drag particles along the surface, without
removing them from the surface. Cleaver and Yates (1973) proposes a mech-
anism consisting of unsteady "turbulent bursts" which generate lift, acting to
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remove particles from the viscous sublayer and entrain them into the turbu-
lent flow. The frequency of the turbulent bursts increases with increased wall
shear stress and thus bulk fluid velocity. The strength of turbulent bursts are
dependent on both the flow velocity and geometry.
3.3.3 Influencing factors
Both the deposition and removal rates of suspended solids are influenced by
flow geometry, velocity and surface condition. Monjoie (2009) states that the
deposition rate is influenced by the suspended solids concentration and that
smaller particles, such as those in clays, are deposited more easily.
According to Mortensen and Michell (2013), exposure to silt alone can not
cause detrimental blockage of fills; biological growth is a requirement. Similarly
Gill et al. (1994) states that silt alone can only be responsible for small amounts
of fouling. According to Zaorski and Miller (2017), biological growth acts as a
"glue", which captures solid particles in the flow. Consequently, the presence
of biological fouling is a major influencing factor on the growth of suspended
solid deposition fouling.
Despite these claims, at the cooling towers mentioned in Du Preez (2018), ex-
tremely high concentrations of suspended solids in the cooling water, combined
with poor fill design, has caused significant suspended solid deposition with-
out the presence of scale or biological fouling (see Figure 3.4b). The asbestos
cement fill in this case is arranged with different layers crossing each other at
90◦ angles, creating millions of contact points where the water flow stagnates
and suspended solid deposition is initiated.
(a) Mud on film fill (Mortensen and
Michell, 2013)
(b) Extreme fouling of asbestos cement
fill (Augustyn et al., 2018)
Figure 3.4: Suspended solid deposition
3.4 Combined fouling types
The combination of fouling types appears to be important given that numerous
sources, including Monjoie et al. (1993), Gill et al. (1994) and Mortensen and
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Michell (2013), consider the most severe cases of fouling to be those where
suspended solids are captured by biological fouling. A study of fouling in
operational cooling towers by Gill et al. (1994) found that biological growth
and silt deposition were present in the fills of the majority (95% of over 30) of
cooling towers investigated. In the remaining 5% of locations, scale was also
present. Analysis of fouling solids in a NDWCT fill by Mortensen and Michell
(2013) found 10% biological matter and 90% inorganic matter by mass.
The combination of scale and suspended solid deposition was also reported by
Augustyn (2019) in a testing sample of film fill installed in a NDWCT. In this
case the film fill surface was extensively scaled and the flutes were completely
blocked and filled with solid particles, as shown in Figure 3.5.
Figure 3.5: Film fill with both scaling and suspended solid deposition
(Augustyn, 2019)
3.5 Fill fouling control
3.5.1 Prevention
3.5.1.1 Cooling water quality and treatment
Water lost from the cooling cycle, through evaporation, drift, leakage and
blowdown (the controlled release of water from the cooling cycle when the
cooling water quality measurements increase to pre-set levels), is replaced by
make-up water. This make-up water is obtained from natural sources such as
the ocean, rivers or dams and may include mud, silt and dissolved solids (Aull,
2013). Furthermore, airborne particles including dust, soil, pollen, bacteria
and plant material may be scrubbed from the air entering the cooling tower
shell by the dense water shower in the lower parts of the NDWCT (DiFilippo
and Maulbetsch, 2003).
The cycles of concentration (COC) is defined by Bott (1995) as the ratio of
dissolved salts concentration in blowdown water to dissolved salts concentra-
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tion in make-up water and has a typical value of 3 to 5. Cooling water quality
may be improved by increasing the blowdown rate, thus allowing more make-
up water into the system and reducing the COC and concentration of fouling
contaminants in the cooling water. The amount of blowdown may be limited
by environmental legislation or the cost of water (Monjoie, 2009).
Cooling water is usually treated to remain within specific chemical parameter
limits, with the treatment schemes being dependent on the quality of the
natural water used and the specific power plant requirements. In Eskom,
cooling water treatment usually consists of softening, followed by one or more
clarification steps. Softening consists of the removal of calcium and magnesium
ions by the addition of softening agents such as lime or soda ash (DiFilippo and
Maulbetsch, 2003). Clarification is performed by keeping the water stationary
for a pre-set period of time in a vessel known as a clarifier. A coagulation agent
is added and suspended solids settle to the bottom of the clarifier, forming a
sediment which can be removed (Department Of water affairs and forestry,
1996). Cooling water treatment may either be performed as a side-stream,
where a portion of the water is continuously fed to the treatment plant and
returned to the cooling cycle, or the entire make-up flow is treated before
being admitted to the cooling cycle. Biological fouling is controlled by dosing
the cooling water with a mixture of biocides, which kill micro-organisms, and
biostats, which inhibit their growth (Govender, 2017).
3.5.1.2 Fill selection
As mentioned in Section 1.3.2 and in sources such as Monjoie (2009) and Za-
orski and Miller (2017), different fill types, subtypes and designs have different
general fouling tendencies. Puckorius (2013) indicates fill fouling potential,
along with thermal performance, as one of the main criteria when making a
fill selection. Monjoie (2009) specifically proposes the use of very low scaling
fill where fouling is expected, including for the replacement of fouled fills.
3.5.1.3 Other methods
Both Aull (2013) and Monjoie (2009) stress the importance of uniform water
distribution to avoid fouling. Blocked or broken cooling water sprayers need
to be replaced regularly.
Concrete weirs, as described in Augustyn (2017), may be installed in the
NDWCT pond near the cooling water outlet (see Figure 3.6a) to prevent
sludges of suspended solids from exiting the pond and ultimately returning
to the cooling tower and being sprayed onto the fill. Sludge and other debris
collected behind these weirs are removed when the pond is cleaned during
outages.
3.5.2 Removal
Gill et al. (1994) reports on several previous studies from the early 1990s
which show that cleaning of fouled fill has very little success in the long term.
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Gill et al. (1994) also refers to a study showing that biocides do not remove
biofilm, even though they kill the bacterial cells in it. Dahm et al. (2015)
states that cleaning of film fill at an operational power plant did improve
the NDWCT thermal performance, but that this effect did not last and the
performance degraded again to the levels before cleaning in approximately one
year. Monjoie et al. (1993) witnessed an increase in fill thermal performance
after a fill test section was completely dried out, however, like other types of
fill removal, this improvement was only temporary.
The use of high-pressure water to clean asbestos cement fill (see Figure 3.6b)
is in use at Eskom power stations (Du Preez, 2018). Thermal performance
benefits from these activities are minor and short-term.
(a) Concrete weir installed in a NDWCT
(Augustyn, 2017)
(b) Cleaning of asbestos cement fill with
high-pressure water (Augustyn, 2019)
Figure 3.6: Fouling control measures
3.6 Fill fouling quantification
Fill fouling has been traditionally quantified using mass gain and/or perfor-
mance change. While the literature usually provides details on the experimen-
tal setups utilised and their mass measurement techniques, there is no detailed
information on how performance changes were calculated.
3.6.1 By mass gain
Gill et al. (1994) investigated the fouling characteristics of small (approxi-
mately 75 cm diameter and 50 cm deep) fill samples by adding fouling contam-
inants such as clay and bacteria. The daily fouling mass gains were recorded
and the biological deposits were quantified using a biofilm heterotrophic plate
count procedure.
Both Mirsky and Monjoie (1991) and Whittemore and Massey (1992) con-
ducted long-term testing of various fills using cooling water at operational
power plants. Mass gain was monitored periodically during these tests and
all fills indicated mass gain, although wide variation was observed (see Figure
3.7).
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Figure 3.7: Fouling mass gain of various fills (Whittemore and Massey, 1992)
Mortensen and Michell (2013) states that fouling mass accumulation of 12 - 20
lb/ft3 (192 - 320 kg/m3) leads to thermal performance degradation. Troncin
(2012) tested the thermal performance (as new) and the fouling mass gain of
several fills. A graphical method was proposed to identify the best fill, although
it was mentioned that the method needs to be combined with economic factors
and is not sufficient on its own.
Monjoie et al. (1993) proposes the calculation of an average mass gain per
day during the fill fouling test period and comparing this to a set criteria
for an acceptable fouling limit. A certain NDWCT user mentioned put a
maximum limit of 0.1 kg/m3 per day on the mass gain for fills to be used in its
NDWCTs. However, the same source states that different fills have different
relations between mass gain and thermal and hydraulic performance.
3.6.2 By inspection
Mortensen and Michell (2013) developed a visual film fill inspection method.
It consists of visual inspection of exposed (top or bottom) fill layers as well as
manual insertion of probes into the fill and judging the fouling intensity by the
difficulty of passing the probe through the fill layers. This method is useful
where it is not possible to remove fill layers to visually inspect the inner layers
of the fill.
The assessments include estimations of the accumulated fouling mass per unit
volume of fill. This clearly requires significant experience by the assessor while
providing no direct indication of changes in fill performance.
3.6.3 By performance change
Mirsky and Monjoie (1991) and Whittemore and Massey (1992) performed
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fill performance measurements periodically during extended test periods of
19 and 50 months respectively, during which fouling occurred. Both sources
report the change in fill thermal performance (Merkel number) and hydraulic
performance (pressure loss) as well as calculated changes in NDWCT recooled
temperature. Performance changes were also graphically related to mass gain
(see Figure 3.8). It is unknown whether the performance tests for these studies
were performed at single or multiple operating points, making it difficult to
understand whether the changes apply generally across the operating ranges of
water- and air-flow rates. Reported changes in NDWCT recooled temperature
due to fouling would only apply to the specific cooling towers considered.
Figure 3.8: Change in the fill performance as a function of fouling mass gain
(adapted from Mirsky and Monjoie (1991))
Zaorski and Miller (2017) improved on the aforementioned studies somewhat,
reporting the changes in the thermal and hydraulic performance of several fills
across a range of water- and air-flow rates. This data can be directly used
for NDWCT performance prediction calculations. The test period was quite
limited at 21 weeks and the performance data was only reported for the start
(clean) and end (fouled) of the test period, meaning that transient calculations
can not be performed.
3.7 Conclusion
NDWCT fill fouling may consist of one or more of scale, biological fouling and
suspended solid deposition. Fouling accumulation is dependent on a multitude
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of factors, many of which are difficult or impossible to quantify. The factors
relate to the operating environment, cooling water and the cooling tower and
fill designs. Fill fouling is therefore considered to be location-specific.
Fill fouling performance may be determined by a combination of observed
mass gain, physical inspection and expected performance changes, although
no standard methodologies for any of these exist. In order to estimate the
fill fouling performance of competing fills for selection for installation in a
NDWCT, it is deemed appropriate to perform long-term testing of fill samples,
with the fill performance being quantified periodically while replicating the
fills’ operating conditions as closely as possible.
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4.1 Introduction
This chapter provides a description of the Eskom fill fouling test facility and
the methods used to calculate the required fill performance test results for use
in NDWCT performance prediction calculations. An example calculation of
the fill performance characteristic equations is provided in Appendix C, while
Appendix D provides an example of NDWCT performance prediction using
the generated fill performance characteristic equations.
The test facility was designed, manufactured and is operated by an Eskom
contractor. The design, manufacture and results of the first few weeks of test-
ing are detailed in Kotze (2019). The candidate had no input on the design
or manufacture, although he did have input on the testing process (required
flow rates, timing, frequency and duration) for the periodic fill performance
tests. The test facility is designed to calculate instantaneous results (Gw, Ga,
Mefi and Kfd) for monitoring and control purposes. These calculations fol-
low the fill performance calculation method from Kröger (2004), but includes
additional calculations required for the specific test facility layout. This study
follows the same result calculation methods for fill performance analysis. The
performance test data selection and result calculation were performed indepen-
dently of the contractor, although the result calculation was verified against
those calculated by the test facility. The contractor provided no input to
the result corrections or regressions in the current chapter or to any work in
subsequent chapters.
4.2 Fill fouling test facility
4.2.1 Purpose and general layout
The fill fouling test facility (see Figure 4.1) was procured by Eskom to bet-
ter understand the long-term effects of NDWCT fill fouling. It is designed to
expose fill samples to conditions closely replicating NDWCT operating con-
ditions for months or years, while periodically measuring the mass gain and
thermal and hydraulic performance of the fill samples. The facility consists of
four identical mechanical draught counterflow test cooling towers, called test
sections, as well as walkways, ladders and access doors for maintenance, fill
inspections and fill replacement. It is designed largely using stainless steel
components and PVC piping to ensure good long-term operation.
Hot water from an elevated inlet duct in the main NDWCT is fed to the facility
by gravity and is split to the four test sections. Cooled water exiting the test
sections is collected and drains to the cooling tower pond, also by gravity.
39
Stellenbosch University https://scholar.sun.ac.za
CHAPTER 4. FILL PERFORMANCE TESTING 40
Figure 4.1: Eskom fill fouling test facility (Kotze, 2019)
The test facility is designed for autonomous operation through the use of a
PLC (programmable logic controller), allowing control, monitoring and remote
manual intervention through an internet connection. Testing started in April
2019 with a different fill sample, selected by Eskom, installed in each test
section. Testing was temporarily suspended in January 2020.
4.2.2 Test section layout
Each of the four test sections (see Figure 4.2) consists of a enclosed space to
install a fill sample of 1.5 m by 1.5 m horizontal cross-section and up to 2 m
in height. The fill sample is installed through a large access door covering one
entire side of the test section.
Water enters the test section above the fill sample, is sprayed onto the top of
the sample using four sprayers with square spray patterns (see Figure 4.3) and
flows downwards through the sample. Below the sample, the water rains down
into a collection sump from where it is routed to the common drain pipe. The
water flow rate into each test tower is controlled by a pneumatic pinch valve
in the inlet piping.
Air-flow (draught) is provided by an electrically-powered fan at the test sec-
tion outlet (top) to replicate the natural draught of a NDWCT. Air is drawn
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Sym. Measurement
Vwi Water inlet volume flow
∆ppnz Pre-nozzle pressure difference
∆pnzl Nozzle pressure difference
∆pfi Fill pressure difference
Twi Water inlet temperature
Two Water outlet temperature
Tdb Dry-bulb air temperature
Twb Wet-bulb air temperature
Vwall Wall water volume flow
Vbyp Bypass water volume flow
pa Ambient pressure
Mfi Fill mass
Figure 4.2: Layout of a single test section (adapted from Kotze (2019))
through the inlets located on all four sides of the test section, below the fill
sample. Louvres (see Figure 4.4) cover the air inlets to provide an even air-
flow distribution and reduce the amount of water lost due to splashing. Air
enters the rain zone near horizontally and turns upwards, resulting in a cross-
counterflow rain zone, to travel through the fill sample and sprayed water.
Above the sprayers, drift eliminators remove droplets entrained in the air-
flow. An air-flow measurement nozzle is located above the drift eliminators.
The air-flow rate is controlled by manipulating the fan speed.
4.2.3 Measurement equipment
The details of the measurement equipment used at the fill fouling test facility
are described below. The implication of the equipment uncertainty details,
where provided, is discussed in Chapter 5. All uncertainty information is ob-
tained from published equipment documentation. Unless otherwise mentioned,
published accuracy or uncertainty values are assumed, as in ASME (2014), to
be at the 95% confidence level with infinite degrees of freedom (see Section
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Figure 4.3: Sprayer assembly viewed
from below (courtesy of TF Design)
Figure 4.4: Inlet louvres
5.2.5). Since equipment uncertainties are frequently supplied (or are assumed
to be supplied) at the 95% confidence level, the calculation is divided by 2 to
obtain the standard (68%) uncertainty. Unless another confidence interval is
provided, this is done without further mention in the following sections.
4.2.3.1 Data capture and control
The test facility data capture and control system has a single central Siemens
S7-1200 CPU 1214C DC/DC/DC PLC with a SM 1231 AI 4 16 bit module.
This analogue input module receives the input signals from the equipment that
is common to all test sections, including the wind speed and direction (used
for monitoring only) and the ambient pressure measurement (pa). All control
functions are performed by the central PLC, including the air- and water flow
rates using PID (proportional, integral, derivative) control.
Each of the four test sections is served by a Siemens SIMATIC ET200SP
Distributed I/O (input/output) system. Each I/O system has two AI 8XL
2-/4-wire analogue input modules, with four analogue inputs each, receiving
signals from the respective test section’s measurement equipment. All mea-
surement signals to the analogue input modules are 4 − 20 mA signals which
are either supplied directly by the instrument or are converted to 4 − 20 mA
signals by intermediate components. The I/O system digitises each analogue
signal it receives to one of 27649 digital values, with this digital data then
being sent, via cable, to the central PLC for processing and storage.
The maximum current error of the inputs to the I/O system serving each test
section is 0.5% of the 4-20 mA range (rsig) according to Siemens AG (2015).
This uncertainty is calculated using:
bIO = [0.5%× rsig] /2 (4.1)
The uncertainty of the digitisation is equal to the resolution of the 27648
intervals in the 4-20 mA range. This digitisation is considered independent
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of the confidence level since the same error is always expected, no matter the
sample size of input analogue values provided to the digitization process:
bdigi = rsig/27648 (4.2)
The accuracy of the analogue input module on the central PLC, to which the
ambient pressure measurement is connected, is 0.3% of the full range, according
to Siemens AG (2012):
bPLC = [0.3%× rsig] /2 (4.3)
The digitisation uncertainty of the central PLC is also calculated using Equa-
tion 4.2.
4.2.3.2 Inlet water flow rate
The inlet water flow rate (Vwi) of each test section is measured by an Endress
+ Hauser Promag 10D 3" electromagnetic flow meter installed after the flow
control valve. The output range of the instrument is 0 m3/hr at 4 mA and
45 m3/hr at 20 mA.
The instrument uncertainty is stated by Endress + Hauser (undated a) as
0.5% of the reading + 2 mm/s. The inside diameter of the instrument is 0.076
m. The instrument uncertainty is converted to m3/hr:
bVwiinstr = [0.5 %× value + 2 mm/s] /2
=
[








= [0.005× Vwi + 0.0416] /2 m3/hr
(4.4)
There is an additional uncertainty on the instrument’s current output of 5 µA,




20 mA− 4 mA





4.2.3.3 Air-pressure difference measurement
Three air-pressure differences are measured, each using a single Endress +
Hauser Deltabar S PMD75 sensor. This sensor provides a 4− 20 mA output,
with a maximum range of -1000 Pa to 1000 Pa and has been turned down to
a range of -500 Pa to 100 Pa.
The fill pressure difference (∆pfi), measured between the spaces below and
above the fill sample, make use of static H-taps (see Figure 4.5), similar to those
used by Bertrand (2011), at the ends of the pressure measurement tubes. The
H-taps allow the measurement of static pressure while reducing water ingress
into the measurement tubes, which cause measurement errors.
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The remaining two measurements, the pre-nozzle pressure difference (∆ppnz)
and the nozzle pressure difference (∆pnzl), make use of the same pressure
connection on the inside wall of the test section above the drift eliminators
(see Figure 4.2 for this arrangement). The high-pressure side of the pre-nozzle
pressure difference is the atmosphere outside the test section, while the nozzle
pressure difference’s low-pressure side is connected to four pressure taps equally
spaced about the flow measurement nozzle throat circumference.
The instrument’s datasheet (Endress + Hauser, 2019b) provides equations
to calculate the 3-sigma (99.7% confidence level) uncertainty, which is then
converted to the 68% confidence level by dividing by 3:
b∆pinstr = 8.902/3 = 2.967 Pa (4.6)
Additionally the instrument’s current output has a resolution of 1 µA, which
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The water temperatures at the inlet (Twi) and outlet (Two) of the test section
are measured using Endress + Hauser TLSR1 Pt100 3-wire resistance temper-
ature detectors (RTDs). The RTDs are installed in titanium thermowells in
the PVC piping (see Figure 4.6), with the piping being thermally insulated to
increase the temperature measurement accuracy. Each RTD is supported by a
PR Electronics 3112 Pt100 RTD converter which provides the required supply
voltage for the RTD and converts the signal from the RTD to a 4 − 20 mA
signal, corresponding to measured values of −10 ◦C to 100 ◦C.
Figure 4.5: Static pressure
measurement H-tap
Figure 4.6: Outlet water temperature
measurement
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The dry- and wet-bulb temperatures of the inlet air are also measured using
Endress + Hauser TLSR1 Pt100 3-wire RTDs and PR Electronics 3112 Pt100
RTD converters at a combined "station" (see Figure 4.7a). Atmospheric air
near the test section air inlet is drawn to the station using a fan (the PVC air
inlet pipe is visible in Figure 4.4). Air flows over the dry-bulb temperature
RTD (Ta) first. The air then flows over the wet-bulb RTD (Twb) which is
covered by a cotton wick (see Figure 4.7b) that is continuously wetted by
cooling water in the level-controlled water container.
(a) Wet- and dry-buld temperature
measurement station
(b) Cotton wick installed on the
wet-bulb temperature RTD
Figure 4.7: Ambient temperature measurement equipment
The accuracy of the TLSR1 Pt100 RTDs is provided by Endress + Hauser
(undated b) as:
bTRTD = [0.15 + 0.002 |t|] /2 ◦C (4.8)
The accuracy of the RTD converter is provided by PR Electronics (undated)
as the greater of 0.05% of the range and 0.1 ◦C. The ranges of all temperature
measurements are identical and the uncertainty is calculated as:
bTconverter = [max(0.1
◦C, 0.05%× (100 ◦C− (−10 ◦C)))] /2
= 0.05 ◦C
(4.9)
4.2.3.5 Wall and bypass water flow rates
The amount of water that enters the test section, but does not flow all the
way through the fill is measured in two locations as shown in Figure 4.8a.
"Bypass water" is water that is not sprayed onto the fill, but past the fill
edges. "Wall water" is sprayed onto the fill, but migrates to the walls by
droplets or splashing. Both of these flows are captured by troughs installed on
the test section inner walls.
Water captured in the troughs is drained via small drain holes for measure-
ment. Due to the large variation that may exist in these flow rates, a con-
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ventional flow instrument, with limitations on allowable flow rate, would not
have been sufficient for these measurements. Each flow rate (Vbyp and Vwall) is
therefore measured using an iterative flow measurement system where an 8 L
container (see Figure 4.8b) is gradually filled by water drained from the re-
spective troughs. When the container is full, an Endress + Hauser Liquiphant
FTL31 tuning fork level switch is activated and the contents of the container
are drained to the test facility outlet.
(a) Bypass and wall water flow (b) Flow measurement container
Figure 4.8: Bypass and wall water
Whenever the container is filled and emptied, the container volume (8 L) is
added to a continuously running volume accumulator value stored by the PLC.
The change in the volume accumulator value is continuously averaged over the
past hour of operation to provide a continuous volume flow rate measurement.
The method of wall and bypass wall water, while reliable, does not provide
accurate instantaneous flow measurements. The uncertainty is difficult to esti-
mate given that it is affected by events that may have occurred up to an hour
in the past from a particular value being produced. This flow typically makes
up less than 3% of the total water flow and uncertainties are expected to be
small. Because it is impossible to calculate the uncertainties for a measure-
ment, both the systematic and random uncertainties are neglected for these
two flow rates.
4.2.3.6 Fill mass measurement
The fill is installed on top of a steel lattice which is supported from the bottom
by three Tedea-Huntleigh 355 500kg C4 hermetically sealed load cells. The load
cells are excited by a Loadtech LT1300 load cell indicator, which also digitally
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sums the inputs from the load cells and converts this sum to a 4−20 mA signal.
The fill mass is continuously measured for monitoring purposes, with both the
water mass and draught affecting the measured mass during operation. The
water- and air-flow are shut off once a day for 10 minutes to measure the drip-
dry mass of the fill. Changes in the drip-dry fill mass over time are used to
determine the accumulated fouling mass. The uncertainty analysis of fill mass
measurements do not form part of this study and thus the mass measurement
equipment’s uncertainties are not discussed.
4.2.3.7 Ambient pressure measurement
The ambient pressure is measured using a single Endress + Hauser Cerabar
M PMP51 absolute pressure sensor. This sensor provides a 4− 20 mA output,
with a maximum range of 0 kPa to 200 kPa that has been turned down to a
range of 60 kPa to 140 kPa.
The instrument’s datasheet (Endress + Hauser, 2019a) provides equations
to calculate the 3-sigma (99.7% confidence level) uncertainty, which is then
converted to the 68% confidence level by dividing by 3:
bpainstr = 2.167/3 = 0.722 kPa (4.10)
Additionally, the instrument’s current output has a resolution of 1 µA, which
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4.2.4 Periodic fill performance tests
Periodic fill performance tests are performed autonomously by the test facility
at all four test sections simultaneously. Tests are usually performed weekly
during the night, when thunderstorms and high winds are less common in the
South African Highveld, and the ambient temperatures are expected to be
steady.
A fill performance test consists of interrupting the normal operation of the fill
test facility (typically Gw = 2.6 kg/m2s and Ga = 2.0 kg/m2s) and operating
the test sections over ranges of pre-set Gw and Ga values. Each test operating
point is maintained for a period of 10 minutes, with all measurements being
recorded and stored every 1 minute by the PLC.
The Ga- and Gw-values of a typical fill performance test, as calculated by the
test facility PLC, are plotted with time in Figure 4.9. The Ga setpoints for
this test are 2.8, 2.5, 2.0, 1.5 and 1 kg/m2s and the Gw setpoints are 2.6, 2.5,
2.0, 1.5 and 1 kg/m2s. Since all combinations of the Ga and Gw setpoints
are tested, this results in 25 test operating points. This procedure yields a
good compromise between maximising the number of test operating points
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and keeping the performance test to a reasonable duration. The small step
changes in the Gw-values (for example around 110 minutes in Figure 4.9) are
due to suboptimal PID control settings. This does not affect the integrity of
the data obtained, as any changes at a single set-point are taken into account
in the uncertainty analysis (see Chapter 5).
Figure 4.9: Ga and Gw values during a fill performance test
4.3 Data processing
The following sections show the calculation methods for the results (Gw, Ga,
Mefi and Kfd) of a single test operating point.
4.3.1 Data selection
Data selection for analysis of a fill performance test consists mainly of neglect-
ing transient effects measured after setpoint changes. Due to the relatively
long settling time of approximately two minutes for the Ga-value after set-
point changes (see Figure 4.9), only the data of the last eight minutes of each
10 minute test operating period is used.
4.3.2 Water mass flux
The fill water mass flux is calculated using the water inlet (Vwi), bypass (Vbyp)
and wall (Vwall) volume flow rates measured. These volumetric flow rates are
converted to mass flow rates using the water inlet density calculated at the
water inlet temperature Twi using Equation A.6 to obtainmwi, mbyp andmwall.
The fill water mass flow is calculated by subtracting the bypass and wall water
flow rates from the inlet flow rate:
mw = mwi −mbyp −mwall (4.12)
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4.3.3 Dry air mass flux
The air-flow rate is calculated by measuring the pressure difference across a
550 mm ASME nozzle with a low ratio of throat diameter to outside diameter
and a discharge coefficient of Cd = 0.98 (see Figure 4.10). The air-vapour mass
(a) Diagram of air-flow measurement
nozzle
(b) Manufactured flow measurement
nozzle (Kotze, 2019)
Figure 4.10: Air-flow measurement nozzle
flow rate at the fill outlet (mavo) is calculated using the following equation,









The nozzle throat diameter is denoted by dnzl. The density at the nozzle inlet
(ρavo) is calculated using Equation A.10, which is a function of air pressure,
dry-bulb temperature and wet-bulb temperature. The air pressure at the noz-
zle inlet is calculated by subtracting the measured pressure difference between
the nozzle inlet and atmospheric pressure from the measured atmospheric pres-
sure:
ppnz = pa −∆ppnz (4.15)
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The dry- and wet-bulb temperatures are calculated by assuming that the air-
flow at the nozzle inlet (fill outlet) is saturated at a temperature Tao and
applying the energy balance:
mwcpwm(Twi − Two) = ma(iao − iai) (4.16)
where cpwm is the mean specific heat capacity of water, calculated using Equa-
tion A.5 at Twi+Two
2
. The fill inlet and outlet air enthalpies are denoted by iai
and iao respectively and are both calculated using Equation A.14. The dry air
mass flow rate (ma) is calculated using the following equation:
ma = mavo/(1 + wavo) (4.17)
with wavo calculated using Equation A.11 at the saturated outlet temperature
Tao. Since ma is a function of Tao, these equations are implicit and Tao is
calculated iteratively.






The measured Merkel number (Memeas) as presented in Equation 2.31 can
not be solve analytically and is approximated using the Chebychev integral as
presented in Appendix B.1.
4.3.5 Pressure loss factor
The pressure loss factor can be expressed in different ways depending on the
air-vapour mixture’s mass flow rate and density (both vary through the fill)
being used. The test facility manufacturer chose the mean mass flow rate
and density during the software design of the facility and that selection is
maintained during this study.
Kröger (2004) provides the following equation for the arithmetic mean air-















The pressure loss factor factor, taking the dynamic pressure and elevation
difference into account, is calculated (as in Kröger (2004), also see Section
2.2.1.6) using:
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4.4 Rain zone and spray zone corrections
4.4.1 Premise
Since the water inlet and outlet temperatures (Twi and Two) measured include
the effects of heat- and mass-transfer in the rain and spray zones, the Merkel
number, as measured, needs to be corrected by removing the effects of these
zones. Similarly, with the fill pressure difference (∆pfi) being measured be-
tween the spaces directly below the fill (at the top of the rain zone) and above
the spray zone, the effect of the spray zone pressure loss needs to be corrected
for.
In the same way that the Merkel number and pressure loss factors of com-
ponents in series in a NDWCT performance prediction calculation can be
summed algebraically, the spray and rain zone Merkel number and the spray
zone pressure loss factor are algebraically subtracted from the measured values
to calculated the corrected values:
Mefi = Memeas −Mesp −Merz (4.22)
Kfd = Kmeas −Ksp (4.23)
Bertrand (2011) did a similar analysis of a cooling tower fill test facility located
at Stellenbosch University, although in that design, with the fan providing
draught located at the inlet, the outlet water is captured by metal troughs
located below the fill, which cause a relatively high pressure loss. In that
case, the Merkel number and pressure loss factors of both the spray zone and
rain zone were measured by removing the fill sample from the facility, locating
the movable sprayer assembly at 150 mm above the troughs and performing
tests of the Merkel number and pressure loss factor. Regressions of these as
functions of Gw and Ga were performed and used to calculate Merkel number
and pressure loss factor corrections that are subtracted from the corresponding
values during fill performance testing.
The same method is not possible in the current test facility since the spray
assembly and water collection sump can not be moved. Simply testing without
fill samples installed would overestimate both the Merkel number and pressure
loss factor due to the large distance between the sprayers and the collection
sump contributing to both performance parameters. A different method of
taking the rain and spray zones into account is thus required.
4.4.2 Rain zone
Kröger (2004) provides an equation for the Merkel number of the cross-counter
flow rain zone of rectangular mechanical draught counterflow wet cooling tow-
ers with air entering from both sides. The rain zone width and height of the
fill fouling test facility do not fall within the ranges of applicability of this
equation. Kröger (2004) further provides the following equation for a purely
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Where the range of applicability is:
1 m/s ≤ vazo ≤ 5 m/s
0.5 m ≤ Hrz ≤ 5.5 m
which is acceptable for this study. Sc denotes the Schmidt number, calculated
using Equation 2.85, D denotes the diffusion coefficient in gases, calculated
using Equation 2.86. The coefficients aµ, aρ, av and aL are calculated using
Equations 2.48 through 2.51 respectively. A comparison of the rectangular
tower rain zone and pure counterflow rain zone Merkel numbers showed a
difference in the overall measured Merkel number less than 1% and therefore
the pure counterflow of Equation 4.24 is used within its applicability limits in
this study.
The droplet diameter (dd) in the test facility rain zone is unknown. To ensure
a fair comparison between different fill samples without measurement of the
droplet sizes, the same droplet size of 5.0 mm is assumed. The performance
effect of rain zone droplet size was studied by Terblanche (2008) and Terblanche
(2011) using photographic and videographic methods respectively. If detailed
quantification of rain zone performance becomes necessary, these methods,
or variations thereof, may be used. These are, however, highly specialised
methods and may not be adequate for long-term testing.
4.4.3 Spray zone
The Merkel number and pressure loss factors for the test section spray zone
are calculated using Equation 2.89 and Equation 2.62 respectively. These
equations are independent of cooling tower dimensions other than the spray
zone depth and they are therefore expected to be relatively accurate for the
test facility.
4.5 Fill performance characteristic equation
The capabilities of this test facility determines the fill characteristic equation
forms that may be used in this study. Since the water inlet temperature,
determined by the operation of the power plant and main NDWCT, can not
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be controlled, its effects on the fill thermal performance, suggested for inclusion
in charateristic equations by Kloppers (2003), can not be quantified.
Furthermore, due to the long test duration of each fill sample, it is not possi-
ble to investigate the effects of fill height. The characteristic equation forms
selected for this study are therefore Equation 2.87 for the Merkel number and
Equation 2.54 for the pressure loss factor. The characteristic equations are
obtained by non-linear least squares regression of the corrected results of all
test operating points in a performance test.
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5.1 Introduction
It is desirable to quantify the effect of fill performance testing experimental
uncertainty on the performance prediction of NDWCTs to provide confidence
when selecting fills for installation. This is especially important for state-owned
companies, like Eskom, which need to adequately justify their commercial
decisions.
The uncertainty analysis of a single test operating point was performed by
Van der Merwe (2007) for a NDWCT fill test facility located at Stellenbosch
University. The Merkel number per meter fill height and pressure loss coef-
ficient per meter fill height uncertainties were applied directly to a NDWCT
performance prediction calculation by multiplying these values by the modelled
fill height as a form of propagation (taking account of the experimental un-
certainty in NDWCT performance prediction calculations). This propagated
uncertainty, combined with other measurement uncertainties anticipated for
NDWCT performance tests, was used to determine the feasibility of attaining
a specified accuracy of NDWCT performance tests using fill performance test
inputs. The fact that this method only uses a single test operating point, the
method of propagation, and the fact that it also neglects correlated uncertain-
ties makes it inadequate to evaluate the effects of experimental uncertainties
of a fill performance test on NDWCT performance predictions.
A process similar to that of Van der Merwe (2007) is followed in this study
to calculate test operating point result uncertainties (Gw, Ga, Mefi and Kfd),
with this process being repeated for every test operating point in a fill perfor-
mance test. The uncertainties of all test operating points, including correlated
uncertainties, are propagated first to regression uncertainties and finally to
the NDWCT performance uncertainty to provide a general uncertainty analy-
sis approach for NDWCT fill performance testing.
5.2 Uncertainty analysis theory
The uncertainty analysis in this study is performed mainly according to ASME
(2014), with the symbols, definitions and equations being from that source,
unless otherwise mentioned.
5.2.1 Core concepts
Testing, or obtaining a test result, is the act of obtaining an estimate of a true
value by measurement. This true value, and consequently also the true error,
of the measurement can never be known. As such, the uncertainty, defined
as the "limit of the error" can only be estimated using statistical and other
54
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means.
Figure 5.1 provides an illustration of measurement errors in a population of
measurements. The population here indicates the set of all possible values of
the measurement, with the population distribution indicating the frequency
of occurrence of specific values if infinitely many measurements are taken.
The difference between the true value and the population mean (µ), is called
the systematic error (β). The figure also shows the following for a single
measurement (j) within the population: the value of the measurement (Xj),
the total error of the measurement (δj), which is the difference between the
measured value and the true value and the random error (εj), the difference
between the measured value and the population mean.
Figure 5.1: Frequency of occurrence of values in a population of
measurements (ASME, 2014)
5.2.2 Random measurement uncertainty
Random measurement uncertainty is the estimate of the limit of errors caused
by random changes during repeated measurement of the true value of a single
parameter. For real measurements (not an infinite number), µ is estimated by







The random standard uncertainty, the range from the mean within which
the true population mean lies with a probability of approximately 68%, is an
Stellenbosch University https://scholar.sun.ac.za
CHAPTER 5. UNCERTAINTY ANALYSIS 56





Since there is no evidence to the contrary, the distribution of the population
of measurements in this study is assumed, as in ASME (2014), to be normal
(Gaussian).
5.2.3 Systematic measurement uncertainty
The systematic measurement uncertainty is the estimate of the limit of the
error (β) that is expected to remain constant from one measurement to the
next. It is necessary to perform an analysis of the testing system to iden-
tify all possible sources of systematic uncertainty, called elemental systematic
uncertainty sources.
For a single measured parameter, the true systematic error of the population









where bXk is the individual elemental source uncertainty.
Elemental sources of systematic uncertainty may arise from instrumentation,
data acquisition, data processing, calibration, installation or other factors. Sec-
tion 5.4 provides a detailed discussion of the systematic uncertainties identified
for the current test facility.
5.2.4 Result uncertainty
The effects of measurement uncertainties on result uncertainties (known as
propagated uncertainties) are calculated with the equations below and is called
Taylor series propagation (Coleman and Steele, 2018). The propagated random
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where I is the number of measured parameters and the sensitivity index of the





Partial differentiation here, and for the remainder of this study, are performed
numerically using the forward difference method (see Appendix B.2).
If a result uses inputs that share systematic uncertainty sources, such as instru-
ments being calibrated against the same standard or a result using multiple
measurements from the same instrument, these uncertainty sources are "cor-

















for I measured paramaters and L correlated uncertainty sources. To ensure
that units remain consistent, this is interpreted as bil being the uncertainty in





5.2.5 Degrees of freedom and confidence level
For a normally distributed population of measurements, the range X ± sX is
expected to contain the true mean of the population (µ) with a probability (or
confidence level) of 68%, which is known as the standard uncertainty or 1-sigma
uncertainty. Uncertainty can be expressed at other confidence levels, known as
expanded uncertainties. Expanded uncertainties are calculated by multiplying
the standard uncertainty by a multiplier (t) which is a function of the desired
confidence level (C) and the degrees of freedom (v) of the measurement. The
degrees of freedom is defined by ASME (2014) as "the number of independent
observations used to calculate a statistic". ASME (2014) further provides
equations to calculate the degrees of freedom of both random and systematic
errors and ultimately obtain the value of t.
It is common practice in engineering to report uncertainties at the 95% confi-
dence level. In cases where large or infinite degrees of freedom may be assumed,
this translates to a multiplier of 1.960, although both ASME (2014) and Cole-
man and Steele (2018) generally use a value of 2. A sample size of 30 is stated
by ASME (2014) to be large enough to use a value of t = 2.
Due to a small sample size (typically 8) of measurements taken at each test op-
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erating point in the current study, it is not reasonable to assume large degrees
of freedom and individual values of t need to be calculated for every measure-
ment. This significantly complicates the calculation of expanded uncertainties
for the current study.
It would be trivial to obtain sample sizes greater than 30 in future work at the
same test facility or at other similar facilities, by simply increasing the sampling
rate during performance tests. This would allow the simple calculation of
the 95% uncertainties. For this reason it is selected to calculate and report
uncertainties in this study at the standard (68%) confidence level. Only minor
changes are required to the presented methods to perform future uncertainty
calculations at the 95% confidence level when sufficiently large sample sizes
are available.
5.2.6 Regression uncertainty
Where a regression on test results is used, as in Section 4.5, there are un-
certainties associated with the measured results, as well as uncertainties in
performing the regression itself. The output of a single-input regression func-
tion is expressed as:
Ŷ = f(Xnew) (5.10)
where f is generated using measured or calculated values (X1, X2, ..., XN) and
(Y1, Y2, ..., YN) for N regression data points.
The uncertainty in the regression output (uŶ ) at the input (Xnew) is ex-
pressed by Equation 5.11 (combined from ASME (2014) and Coleman and
Steele (2018)). This equation will be adapted for use in the current fill per-
formance tests and to aid in explaining the adaptations, a description of each
term is added:
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The systematic and random uncertainties of each measured or calculated in-
put (Xi), measured or calculated output (Yi) and the regression function input
(Xnew), as well as correlated uncertainty between all systematic uncertainties
are taken into account. Note that where correlation of similar measurements












cording to ASME (2014), this method accounts for both the uncertainty in
measurement and the accuracy of the fit.
5.3 Uncertainty calculation of fill performance
tests
The following sections present the method used to calculate the systematic
equipment and measurement random uncertainties of measurements taken dur-
ing a fill performance test and how these are propagated to the NDWCT per-
formance. Figure 5.2 shows the process followed to calculate the NDWCT
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performance uncertainty, with dashed lines indicating data being used to cal-
culate correlated systematic uncertainties.
Raw measure-
ment data Clean and select Cleaned data





















bGw , bGa , bMefi ,
bKfd for each test
operating point
Regressions
sGw , sGa , sMefi ,


















Figure 5.2: Flow diagram of NDWCT performance uncertainty calculation
5.3.1 Measurement and result uncertainties
Measurement random and systematic uncertainties are calculated for the mean
of the measurements taken at each test operating point using Equations 5.2
and 5.3 respectively. The equipment elemental uncertainty sources for the
current test facility are quantified in Section 4.2.3.
Result random and systematic uncertainties are calculated for all test operat-
ing point results (Gw, Ga, Mefi and Kfd). The result random uncertainties
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are calculated using Equation 5.4 and the systematic result uncertainties are
calculated using either Equation 5.5 or 5.7. Due to the selection, installation
and calibration of instruments at the current test facility, no correlated uncer-
tainties between individual instruments could be identified, thus Equation 5.5
is used.
5.3.2 Regression uncertainty
The regression uncertainty calculation in Section 5.2.6 applies to regression
of a single input and a single output. Since the regressions performed for
the fill performance tests consist of two inputs (Gw and Ga) and one output
(Mefi or Kfd), Equation 5.11 is modified in this section to fit the current
application, providing the uncertainty (uŶ ) where Ŷ = f(Gwnew , Ganew), with
Ŷ representing either M̂efi or K̂fd. These regression uncertainty calculations
produce the uncertainty of a specific output, at specific inputs and thus the
operating point (Gwnew and Ganew) for the fill is obtained from the NDWCT
performance prediction calculation (Chapter 2).
Adapting Equation 5.11 for the current test facility is done by firstly removing
all Xnew terms since only the uncertainty in the fill test facility is considered;
Ganew and Ganew are fixed values determined by the NDWCT performance.
For a wider study of NDWCT performance uncertainties, including uncer-
tainties not propagated from fill performance uncertainties, Gwnew and Ganew
terms would have to be reintroduced. Secondly, the systematic, random and
correlated uncertainty terms for a second measured input are added.
Note that, as in Equation 5.11, where correlation of similar measured param-











is used. The two regression inputs are renamed Gw and Ga and the
adaptations yield:
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where Y may be replaced byMefi and Kfd respectively to calculate uM̂efi and
uK̂fd .
For the current test facility, measurements at different test operating points
make use of the same instruments and equipment and thus these measure-
ments’ systematic uncertainties are considered fully correlated. In Equation
5.12, covariances between individual measured inputs or outputs (such as











where X i,j is the mean measured value of instrument j at test operating point
i. The other covariances are calculated similarly.
5.3.3 NDWCT performance prediction uncertainty
The regression uncertainties calculated in Section 5.3.2, along with correlated
uncertainties, are propagated to the NDWCT performance uncertainty using
the Taylor series method for a NDWCT performance parameter P (such as
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are calculated numerically using the NDWCT performance prediction calcula-
tion.
For the current test facility, the regression outputs M̂efi and K̂fd share all 11

















where X i,j is the measured value of instrument j at test operating point i.
5.4 Identified systematic uncertainty sources
The possible sources of systematic uncertainty in the current or similar fill test
facilities are discussed in the following subsections. This includes motivations
to take account or neglect each identified source in the current study. In
general, sources that could not be adequately quantified are neglected for the
current study.
5.4.1 Equipment uncertainty
Instruments and other supporting equipment have inherent uncertainty which
is dependent on their type and quality. Depending on the installation, wiring
or intermediate components may also introduce uncertainty. These uncertainty
values are usually obtained from published equipment documentation.
Where uncertainties are obtained from equipment documentation, they are
frequently provided with only one or two significant figures. Since they are the
limits of the error these values are assumed to be absolute and calculations
done with them are unaffected by the low number of significant figures.
5.4.2 Spatial uncertainty
Uncertainty is introduced when a location at a single point in a measurement
space is used to represent a measured parameter. An example would be the
temperature measurement of inlet air to the test section at a single point,
while a temperature distribution exists across the inlet area. Where redundant
measurements of a parameter are taken, the systematic uncertainty due to
spatial effects can be estimated by calculations provided in ASME (2014),
however, at the current test facility, only single measurements of all parameters
are taken and the spacial uncertainty can not be quantified.
Engineering judgement and experience may be used in future studies to esti-
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mate this spacial uncertainty in the case of only single measurements being
available.
5.4.3 Calibration uncertainty
Uncertainty is introduced when a calibration curve is applied or when a spec-
ification conformance test is done. The calibration uncertainty calculation
includes the uncertainty of the standard against which the equipment is cali-
brated. For all equipment in this study, specification conformance tests were
performed before they were supplied to the test facility manufacturer. It is
thus assumed that all possible uncertainties applicable during the specifica-
tion conformance tests were taken into account and that the stated or certified
uncertainties of the equipment include them.
5.4.4 Correction uncertainties
Since the simulation of the rain zone and spray zone for correction (see Section
4.4) are thought to be only moderately accurate approximations of the test fa-
cility rain and spray zones, the uncertainties applicable to these calculations
are not considered a good estimate of their errors. For that reason, the correc-
tions are used without taking their uncertainties, resulting from measurement
uncertainties, into account. Consequently, when sensitivity indexes (θs) of the
Merkel number and pressure loss factors are calculated (Equation 5.6), they
are calculated for the uncorrected results.
5.4.5 Fluid properties
The air and water fluid properties used in these calculations are obtained
from Kröger (2004), who in turn obtained them from a variety of sources, of
which only ASHRAE (2001) was available to the candidate. Neither Kröger
(2004) nor ASHRAE (2001) mention the uncertainty associated with these
fluid property relations, other than ASHRAE (2001) stating that the relations
are "sufficiently accurate for most engineering calculations in air-conditioning
practice."
It is expected that most comparable studies of fill testing uncertainty analy-
sis would also use the same or similar fluid properties as Kröger (2004) and
since no details of the uncertainty could be obtained, the uncertainties of fluid
properties are neglected.
5.5 Analysis and proposals for uncertainty
analysis
It is desirable to neglect the calculation of correlated uncertainties due to the
significant complication this adds to uncertainty calculation. To this end,
Appendix E includes calculations of regression and NDWCT performance pre-
diction uncertainties neglecting correlated uncertainties to analyse the effect
of neglecting correlated uncertainties.
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Table 5.1 summarises the results of the regression uncertainty calculations
and it is observed that neglecting correlated uncertainties produces signifi-
cant errors in the regression uncertainty calculation of approximately 77% and
68% compared to uM̂efi and uK̂fd respectively. This indicates that it is vital
to include correlated uncertainties when calculating regression uncertainties
(Equation 5.12).
Table 5.1: Summary of calculated regression uncertainties
Description Eq. Thermal Eq. Hydraulic
Operating point D.14 Mefi = 1.637 D.10 Kfi = 13.730
Regression uncertainties including
correlated uncertainties E.1 uM̂efi = 0.0913 E.2 uK̂fd = 2.562
Regression uncertainties with
correlated uncertainties neglected E.3 u
∗
M̂efi
= 0.0211 E.4 u∗
K̂fd
= 0.823
Table 5.2 summarises the results of the NDWCT performance (quantified by
Two) uncertainty. It is observed that neglecting correlated uncertainties for the
NDWCT Two produces a small error of only 2.4% compared to uTwo . This in-
dicates that NDWCT Two uncertainty can be calculated reasonably accurately
when neglecting correlated uncertainty (Equation 5.14).
Table 5.2: Summary of calculated NDWCT Two uncertainties
Description Ref. Value
NDWCT water outlet temperature App. D.2 Two = 21.459 ◦C
NDWCT water outlet temperature uncertainty Eq. E.5 uTwo = 0.339 ◦C
NDWCT water outlet temperature uncertainty




This behaviour is expected to be general for all similar fill performance test
facilities due to the low sensitivity of regression outputs to individual mea-
surements. Investigation of the generality of this behaviour at other fill per-
formance test facilities, with different instrumentation layouts, is encouraged.
A NDWCT operator comparing the performance of different fills for the pur-
pose of making a selection for installation in their NDWCT, should include fill
performance testing experimental uncertainties in their fill selection process to
prevent unreported or unanticipated uncertainties leading to incorrect cooling
tower performance prediction calculations and potentially a non-optimal fill
selection. However, inclusion of NDWCT performance correlated uncertain-
ties would be impossible to perform without detailed knowledge of the test
facility equipment (for systematic uncertainty calculation) and testing data
(for random uncertainty calculation), information the fill supplier is unlikely
to provide. The small error introduced by neglecting correlated uncertainties
in the NDWCT performance uncertainty calculation allows an approach to
addressing this lack of information: fill suppliers provide the fill performance
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characteristics (Equation 2.87 and 2.54) along with their respective uncertain-
ties (calculated using Equation 5.12) in either tabulated or graphical (such as
Figure E.1) form. The NDWCT performance uncertainty can then be approx-






with the sensitivity indexes (θs) being calculated by the NDWCT user using
Equation 5.15 and 5.16.
5.6 Conclusion
A method is presented to accurately calculate the effect of fill performance
testing experimental uncertainty in NDWCT cooling tower performance pre-
diction calculations. This method may be adapted to apply to individual fill
performance test facilities; specifically, the calculation of all systematic un-
certainties and correlated uncertainties will depend on each facility’s specific
equipment setup.
The importance of correlated uncertainty in fill thermal performance tests at
the current facility is investigated. It is concluded that correlated uncertainties
are vital when calculating the regression uncertainties, while relatively small
errors are introduced if correlated uncertainties are neglected in the NDWCT
performance uncertainty calculation. An approach is proposed for NDWCT
users without detailed fill test facility information or raw test data to calculate
a reasonably accurate NDWCT performance uncertainty.
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Chapter 6: Fill fouling as separate
thermal and hydraulic effects
6.1 Introduction
The fill fouling literature presented in Chapter 3 contains methods of fill fouling
quantification, but lacks a way to perform NDWCT performance calculations
or life-cycle calculations including the effects of fill fouling. While the method
of rejecting fills displaying a daily mass gain above a certain threshold, reported
by Monjoie et al. (1993), is transparent and relatively easy to implement, it
may be viewed as unfair since a given mass gain may have different perfor-
mance effects for different fill designs. To enable fair comparison between fills,
a method is developed to utilise measured or predicted fill performance to
quantify the effect of fill fouling on NDWCT performance.
6.2 Numerical investigation of fill performance
degradation using Monte Carlo methods
6.2.1 Premise
The interaction between the fill Merkel number and pressure loss factor in
NDWCT performance prediction calculations is complex, with changes in ei-
ther of the two performance parameters affecting the air mass flow. This in
turn changes the operating point on the fill performance characteristic equa-
tion. It has, however, been observed that for numerous real NDWCT perfor-
mance prediction calculations, this interaction appeared negligible for moder-
ate and even high levels of degradation applied numerically to the fills’ perfor-
mance parameters. This observation is termed "separability" and is expressed
as:
∆Two = ∆Two,Mefi + ∆Two,Kfd + ε (6.1)
where ∆Two,Mefi is the change in Two due to degradation (decrease) in fill
Merkel number only, ∆Two,Kfd is the change in Two due to degradation (in-
crease) in the pressure loss factor only, ∆Two is the total change in Two due to
simultaneous Merkel number and pressure loss factor degradation and ε is the
error, termed the "separability error", which would remain small.
Separability is clearly expected for small amounts of degradation applied to
the fill when one considers the Taylor series expansion of the effect of fill
performance changes to the NDWCT Two:
67
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where all partial derivatives are taken at (Mefi,0, Kfd,0) with 0 denoting the
unfouled condition and:
∆Two = Two,fouled(Mefi, Kfd)− Two,0(Mefi,0, Kfd,0) (6.3)
The Taylor series consist of terms which are either unmixed (functions of either
Mefi or Kfd) or mixed (functions of both Mefi and Kfd). For small degrada-
tions, applied as (Mefi−Mefi,0) or (Kfd−Kfd,0), the first-order terms, which
are both unmixed, should dominate compared to the higher-order terms, since
the small degradations are multiplied together (or raised to powers 2 and
above) in the higher order terms.
If the separability error remains small, even for very large amounts of thermal
and hydraulic degradation of the fill, it would allow the treatment of thermal
and hydraulic fill degradation as features which can be individually charac-
terised and studied. The feasibility of this is studied next using Monte Carlo
methods.
Monte Carlo methods are the computerised generation of random objects or
processes from certain probability distributions (Kroese et al., 2014). While
there are many applications of Monte Carlo methods, the one utilised in this
study is statistical inference of deterministic processes.
Monte Carlo methods are used to analyse the relative magnitude of ε across
large ranges of NDWCT, atmospheric, fill and fill degradation inputs. The
aim of this analysis is only to show that the expected error, when considering
fill fouling as separate thermal and hydraulic effects, is small. As a result, the
exact or estimated industry-wide distributions of the input variables are not
important. It is only aimed to show that in the ranges deemed possible, the
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error is indeed small.
6.2.2 Analysis inputs
The analysis consists of a large sample of NDWCT performance prediction
calculations with all inputs being randomly varied across large ranges with
uniform distributions. The criteria for the input ranges were not strictly de-
termined; ranges of input variables are selected as values that are deemed
possible. Some consideration is given to solution stability in the input range
selection, with some input ranges creating a greater propensity to solution
failures, e.g. a small difference between Ta and Twi. No consideration is given
to whether a specific layout is a practical design, or structurally sound. Figure
6.1 provides the ranges for all NDWCT, atmospheric, fill and degradation in-
put variables. Degradation inputs scale the fill Merkel number (decrease) and
pressure loss factor (increase) characteristic equations.
Figure 6.1: Monte Carlo analysis input ranges
Due to the wide ranges of input parameters required for the Monte Carlo anal-
ysis, applicability ranges of the NDWCT performance prediction equations,
such as those in Section 2.2.1.4, could not be adhered to in all cases. This is
not expected to affect the result of the analysis significantly, as it only applies
to small portions of the overall NDWCT performance prediction calculations.
6.2.3 Random number generation
Computer programs can not truly generate random numbers and instead rely
on algorithms generating pseudorandom numbers: numbers that appear to be
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random, but are in reality deterministic. For the current study, pseudoran-
dom numbers are generated by the Python 3.7 implementation of the popular
algorithm known as the "Mersenne Twister" (see Kroese et al. (2011)). The
period length of a random number generator is the minimum number of steps
before the generator returns to a previously reached state. The period length
of the Mersenne Twister is 219937− 1, making it more than sufficiently random
for the current study, which requires only approximately 221 (sample size ×
number of input variables) random numbers.
6.2.4 Analysis results and discussion
The sample size (number of different NDWCT performance prediction calcula-
tions) analysed using this method is 50 000, including 109 (0.22%) calculation
failures. Convergence is indicated, as in Gentle (2009) by the "almost sure"






almost surely as N goes to infinity, where E denotes the "estimate" of g(X).
The function g is an arbitrary function of the input x. For the current analysis,
g calculates the "relative separability error" (ε/∆Two) using the NDWCT per-
formance prediction calculation. X denotes the independent and identically
distributed inputs of the population, while Xi denotes a specific instance of the
independent and identically distributed inputs in the sample. Convergence is
displayed visually in Figure 6.2, with the estimate of the relative separability
error:
E(ε/∆Two) = 0.00309 (6.5)
Figure 6.2: Convergence of the relative separability error
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Figure 6.3a shows a normalised (scaled to have an area of 1) histogram of
the relative separability error (ε/∆Two), showing the majority of cases concen-
trated at very small relative separability errors, within approximately ±2.5%.
It is found that the probability density function (PDF) of the t-distribution
(see Kroese et al. (2011)) provides a reasonable fit of the histogram data. Fig-






of the Monte Carlo analysis, with sample size N . Also included is the cumu-






for a PDF f , of the t-distribution. The smoothness of the ECDF, along with
the slight errors in the fit of the t-distribution, means that a distribution fit
of the data is not necessary and the ECDF is thus used as is: according to
Gentle (2009), the ECDF can be used as an "estimator of the corresponding
population function".
From the ECDF it can be stated, for example, that −0.0226 ≤ ε/∆Two ≤
0.0437 for 95% of the population. The absolute relative separability error
(|ε/∆Two|) is also of interest, since it can be used to make simpler statements
on the magnitude of the error and it is plotted in Figure 6.4. From this,
it can be stated that |ε/∆Two| ≤ 0.0342 for 95% of population. Similarly,
|ε/∆Two| ≤ 0.05 for 97.4% of the population. Additionally, it is observed that
the value of ∆Two ranges from 0 ◦C to 17.36 ◦C, indicating that a large range of
fouling performance effects are covered by this analysis. The maximum value
of |ε/∆Two| is 0.226.
Scatter plots of the Mefi (Figure 6.5a) and Kfd (Figure 6.5b) degradation
against |ε/∆Two| of all cases in the Monte Carlo analysis show that there is
greater likelihood for larger values of |ε/∆Two| to occur at greater values of
Mefi and Kfd degradation. There also appears to be a lower bound, sloping
linearly, with the amount of Mefi degradation governing the possible magni-
tude of the separability error for this population. This may indicate a funda-
mental relationship between these parameters.
In conclusion: the errors made when modelling NDWCT fill fouling as individ-
ual thermal and hydraulic degradation effects, are small in the overwhelming
majority of cases. This effect is so statistically significant, for a wide range
of inputs and large amounts of thermal and hydraulic degradation, that it is
considered sufficient to state, with only small errors, that:
∆Two = ∆Two,Me + ∆Two,Kfd (6.8)
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(a) Histogram of relative separability
(b) ECDF of relative separability error
Figure 6.3: Separability error probability
6.3 Fill fouling factors and uncertainty analysis
Separability of thermal and hydraulic fill fouling effects leads to the individual
quantification of fill thermal and hydraulic degradation effects through the use
of fouling factors. It is proposed that fouling factors are applied to the fill per-
formance characteristic equations. These fouling factors are time-dependent
and change the thermal and hydraulic characteristics of the fill over time.
Fouling factors, along with the unfouled fill performance characteristics can be
applied to NDWCT performance prediction calculations to perform the cal-
culations at any selected time after fill installation, thereby allowing lifecycle
cost analysis of fills installed in NDWCTs. Separability is not strictly required
to allow the application of fouling factors, but it does mean that error and
uncertainties in measurements or predictions made for one fill performance
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Figure 6.4: ECDF of absolute relative separability error
(a) Thermal degradation (b) Hydraulic degradation
Figure 6.5: Scatter plots of degradations and absolute relative separability
errors
parameter has a negligible effect on the other parameter.
The simplest form of these fouling factors scale the characteristic equations:
Mefi(t) = (1− fm(t))amGbmw Gcma (6.9)





where fm(t) is the thermal fouling factor, fk(t) is the hydraulic fouling factor
and fm(0) = fk(0) = 0. The fill fouling factors at a specific time (t) after the
initial test (0) can be determined by performing a least-squares regressions on
the test data of the specific fill performance test at time t to determine fm(t)
and fk(t) in Equations 6.9 and 6.10. Unlike the widely-used sensible heat
transfer fouling factors, which represent the thermal resistance of a physical
layer of material on the heat transfer surface (see Cengel (2006)), fill fouling
factors have no physical interpretation and is based purely on empirical data.
With the fouling factor being a value obtained by regression of the performance
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test results, the fill fouling factor uncertainty is calculated using Equation 5.12,




























































































































where f may be replaced by fm and fk and Y may be replaced by the corrected
results Mefi and Kfd respectively to calculate ufm and ufk .
The uncertainty in the NDWCT performance, when using fouling factors, is



















are calculated numerically using the NDWCT performance
prediction calculation. As in Section 5.5, correlated uncertainties are neglected
as the fouling factors have low sensitivities to individual measurement values.
Appendix F.1 contains a sample calculation of NDWCT performance predic-
tion, including uncertainty calculations, using fill thermal and hydraulic fouling
factors. The calculation is done using the same fill test data in Appendix C and
NDWCT design details in Appendix D. This allows comparison of the NDWCT
performance calculations done using the traditional method of fill performance
characteristic equations with fill performance quantified using fouling factors.
The results of this comparison, including uncertainties, are provided in Table
6.1. The water outlet temperature for the unfouled condition is provided for
reference.
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Table 6.1: NDWCT Two predictions using the traditional method and fouling
factors
Condition Two [◦C] uTwo [◦C]
Unfouled 21.929 -
Fouled (traditional method) 21.444 0.347
Fouled (fouling factors) 21.565 0.356
The predicted NDWCT water outlet temperature calculated using fill fouling
factors compares reasonably well with the traditional method. The difference
in the prediction is largely due to the inaccuracy introduced when calculating
the fouling factors via regression, which will always have a less accurate fit
than the normal regression of fill performance characteristic equations. The
calculated uncertainty in the NDWCT water outlet temperature of the two
cases also compare well, with the value calculated using fouling factors being
slightly higher due to the less accurate fit of the fouling factors to the test
data.
Although reasonable accuracy of NDWCT performance is obtained in the ex-
ample calculations, the change in fill performance witnessed here is not repre-
sentative of large fill fouling degradations possible in the industry and testing
of the viability of these methods on moderately and heavily fouled fills is en-
couraged. The calculation results show an improvement (as opposed to the
expected degradation) in fill performance in the fouled condition. This is not
entirely unexpected, since a slight (up to 10%) Merkel number increase was also
reported by Whittemore and Massey (1992) in the initial months of long-term
fill fouling testing.
6.4 Fill lifecycle calculations using fill fouling
factors
Fill lifecycle calculation using time dependent fouling factors may be used to
financially compare the performance of fills. Tested or predicted fill fouling fac-
tors can be used to calculate the expected performance at various times over
the fill’s life. The exact calculation method of applying the expected perfor-
mance to lifecycle cost calculations will depend on the information available
for the specific power plant: a typical approach, adapted from Jestin et al.
(2017), is presented here.
It is common for annual weather data to be available, but this reduces the
resolution at which the changes in fill performance may be taken into account.
Weather data at shorter intervals, such as quarterly or monthly, will lead to
greater accuracy of calculation, although other information, such as the exact
fill installation date and planned outage dates then become more important
to take into account.
Power plants do not operate at full load for their entire lives, but are shut
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down at regular intervals for maintenance, may have to operate at part load
depending on the requirement of the power system within which they operate,
or may have their output limited due to load losses (unrelated to the cooling
system). Exact consideration of such instances in a lifecycle calculation is
impossible since all of these can’t be predicted with much certainty far into
the future. A "load factor" is therefore introduced as:
fL =
expected electrical energy produced [MJ]
electrical energy produced at full load [MJ]
(6.13)
Not all fuel used in the boiler is converted into heat addition in the Rank-
ine cycle, with some heat being lost through the boiler walls, and some heat
remaining in the boiler exhaust air exiting to the atmosphere. The boiler ef-
ficiency (ηboil) therefore needs to be taken into account. The hourly fuel cost






where the fuel cost per mass (cfuel) is in a unit such as South African Rand
per kilogram (R/kg) and the specific energy content of the fuel (also known
as calorific value, CV ) has the unit kJ/kg. The heat rate (HR) for each
analysis period is calculated according to Section 2.3 with fouling factors (for
that specific period) applied to both the thermal and hydraulic performance
characteristic equations of the fill. The fuel cost for the entire analysis period
is calculated as:
Ct = Ch t (6.15)
where t denotes the analysis period duration in hours. The total lifecycle cost






for I analysis periods. All values are calculated at a fixed fuel cost (such as the
current fuel cost), providing a fair comparison between various fills. Variable
cost models may be used for greater accuracy, while increasing the calculation
complexity.
Since the current study includes only a relatively short testing period, Ap-
pendix F.2 shows an example lifecycle calculation using an assumed progres-
sion of fill fouling factors based on test data from Whittemore and Massey
(1992). Extrapolation of the data generated in the current study to a full
NDWCT lifecycle is not considered here. Appendix F.2 serves simply as an
example of how this data would be applied.
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6.5 Shortcomings
This method requires fill thermal and hydraulic performance testing over long
periods of time over the full range of air- and water mass fluxes, requiring
advanced equipment and instrumentation operating over many months or even
years. Most limiting, it is generally believed that fill fouling is location-specific
(see Section 3.7), meaning that the long-duration and relatively expensive
testing can only be used for a single location.
The accuracy of the NDWCT performance prediction calculations is affected
by the accuracy of the fill fouling factor fit. More complex fouling factors, for
example scaling the performance characteristic exponents, may be employed
to reduce the error caused by poor fits. Increasingly complex fouling factors
will reduce the intuitive understanding of the fouling factors (that they scale
the thermal and hydraulic fill performance) and increase the complexity of
calculating the fouling factors’ uncertainty and propagated effects.
6.6 Conclusion
It is demonstrated that NDWCT fill fouling may generally be viewed as sep-
arable thermal and hydraulic effects. A method is proposed to quantify fill
fouling as scaling of the unfouled fill thermal and hydraulic fouling charac-
teristic equations using fouling factors. This method can be used to perform
fill lifecycle cost analysis using fill fouling test results (conducted over a suit-
ably long duration), allowing fair comparison between competing fill designs
in terms of fouling performance.
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Chapter 7: Results
This chapter presents the results obtained from the fill fouling test facility.
The measured fill performance from fill performance testing is presented first,
followed by the visual inspections and mass measurements. Links are estab-
lished between the visual inspections and measured mass gains, but due to
problems experienced with the thermal performance measurement results, no
attempt is made to link with the measured performance.
7.1 Fill performance tests
7.1.1 Introduction
The following subsections contain a summary of the fill fouling test data as
measured throughout the testing period. Both the thermal and hydraulic
fouling factors for the weekly fill performance tests, including uncertainty, are
presented graphically. The predicted Two of a NDWCT having the same design
properties and atmospheric conditions as in Appendix D, but using results of
individual weekly fill performance test are also presented. To validate the use
of fill fouling factors, the values of Two calculated using fill fouling factors are
compared to those when using the traditional fill performance characteristic
equations for the specific performance tests.
78
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7.1.2 Test section 1
(a) Thermal fouling factor and uncertainty
(b) Hydraulic fouling factor and uncertainty
(c) NDWCT Two comparison
Figure 7.1: Performance measurements of Test section 1
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7.1.3 Test section 2
(a) Thermal fouling factor and uncertainty
(b) Hydraulic fouling factor and uncertainty
(c) NDWCT Two comparison
Figure 7.2: Performance measurements of Test section 2
Stellenbosch University https://scholar.sun.ac.za
CHAPTER 7. RESULTS 81
7.1.4 Test section 3
(a) Thermal fouling factor and uncertainty
(b) Hydraulic fouling factor and uncertainty
(c) NDWCT Two comparison
Figure 7.3: Performance measurements of Test section 3
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7.1.5 Test section 4
(a) Thermal fouling factor and uncertainty
(b) Hydraulic fouling factor and uncertainty
(c) NDWCT Two comparison
Figure 7.4: Performance measurements of Test section 4
Stellenbosch University https://scholar.sun.ac.za
CHAPTER 7. RESULTS 83
7.1.6 Discussion
No clear fouling behaviour could be observed from the fouling factors of the four
fill samples. This is partly due to the low-fouling behaviour (as claimed by the
fill manufacturers) of the tested fill samples, combined with the relatively short
testing duration, and partly due to the problems experienced with testing,
which are explained in the following subsections.
7.1.6.1 Thermal performance
The fill thermal fouling performance testing was not successful. The erratic
behaviour of the thermal fouling factor, as seen in Figures 7.1a through 7.4a,
especially during the middle period of the testing duration, indicates testing
errors. This has been investigated and attempts to link this to ambient (Tdb,
Twb, relative humidity and wind velocity) and operating (Twi) conditions have
failed, with no link being observed.
Test section 1 performed the worst of the four test sections, with most of its
performance tests showing very erratic data. This can be seen in the large
differences between the NDWCT Two calculated using the traditional method
and the fouling factor method, compared to the other test sections. This is sus-
pected to be due to a greater tendency of the pre-nozzle pressure measurement
tap on Test section 1 to block with water. The blockages create fluctuations
in the sensed pressure, affecting both the calculation of the nozzle inlet fluid
properties and the pressure difference across the nozzle (see Figure 4.2 for the
layout). This in turn causes the fan speed to fluctuated as the speed is ad-
justed to control the value of Ga. Figure 7.5 shows the erratic behaviour of
some of the measured parameters.
(a) (b)
Figure 7.5: Erratic behaviour of measured data during fill performance test
Test sections 2, 3 and 4 showed better behaviour than Test section 1, although
not in all cases. The negative values of fm observed, which are largest during
the middle of the testing period, indicate a significant thermal performance im-
provement. While some of this performance improvement may be attributable
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to fill aging (see Section 3.2.1), the large value of up to 70% increase indicates
an error in the measurements. A possible cause of this is the poor cleanliness
of the cotton wick which is used to wet the wet-bulb temperature measurement
RTD, with the poor cleanliness caused by the use of cooling water in the dry-
bulb/wet-bulb station. This was only observed by the contractor around week
26 of testing, after which the cotton wicks were replaced regularly, typically
before performance testing. The value of fm returned to near zero, especially
for test section 4, while other test sections still had somewhat negative ther-
mal fouling factors after this. Unfortunately, the fact that testing has been
suspended (see Section 4.2.1) means that operational fault-finding to correct
all thermal performance measurement errors is not possible.
7.1.6.2 Hydraulic performance
The hydraulic fouling performance testing has been successful, with fk for
all test sections trending around zero or slightly positive for the majority of
the testing period (see Figures 7.1b through 7.4b). The small values of fk
indicate low amounts of fouling, which is to be expected for the low-fouling
fill samples installed and the short duration of testing. Fill sample visual
inspections also show low amounts of fouling, as discussed in Section 7.2. The
relatively large uncertainty of the hydraulic fouling factor is mostly due to the
large uncertainty associated with the fill pressure difference sensor compared
to the measured value.
7.1.6.3 NDWCT performance
With the better behaved data of Test sections 2, 3 and 4 (Figures 7.2c, 7.3c and
7.4c respectively), the values of Two in each case indicate that the calculation
of NDWCT performance using fill fouling factors is usually a good approach.
The value of the NDWCT Two predicted using fouling factors is within 0.5 ◦C
of that predicted by the traditional method in most cases. While this is not
extremely accurate, it is expected that improvements in the testing techniques
will yield increased accuracy of these predicted values.
7.1.6.4 Uncertainty analysis
The uncertainty analysis is considered a success despite the testing problems
encountered. The fact that the NDWCT Two uncertainties of the initial testing
(week 0) are approximately equal for the traditional and fouling factor meth-
ods indicate that the fouling factor uncertainty calculation is done correctly.
The minor differences seen between these values may be due to the inherent
errors in numerical differentiation or the small effects of neglecting correlated
uncertainties. It is expected that this method of uncertainty analysis will yield
steady and predictable results when the testing errors have been rectified.
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7.2 Visual inspections
7.2.1 Introduction
A summary of visual inspections of fill samples after 4 months of operation is
provided below. Note that the fills are assigned letters A through D, which
do not necessarily correspond with the test section numbering 1 through 4.
This is done to avoid matching of fill designs to measured fill performance
and potentially infringing on fill suppliers’ rights to fair assessment of their
products’ performance during tender evaluations.
The visual inspections did not form part of any formal inspection process (such
as in Section 3.6.2). In each case it consisted of partial disassembly of the fill
and photographing the fill’s overall fouling state as well as areas where fouling
was most prominent for the specific fill.
7.2.2 Fill sample A
Fill sample A is a trickle fill with largely straight flute-like structures. Although
this fill had gained significant mass by the time of the visual inspection (day
125 in Figure 7.7a), surprisingly little fouling was observed visually, with only
small amounts of what appeared to be particulate fouling. Upon disassembly
of individual plastic layers of the fill, it was found that a relatively large amount
of particulate matter was stuck in the areas where the different layers make
contact, as seen in Figure 7.6a.
7.2.3 Fill sample B
Fill sample B is a trickle fill with flute structures sloping at an angle to the
vertical. The visual inspection showed a large portion of surface area in this
fill covered with a mixture of biological and particulate deposits (see Figure
7.6b). Small amounts of mud were present on the test section walls. Visually,
this appears to be the worst fouling fill sample.
7.2.4 Fill sample C
Fill sample C is a modular splash fill. Very little fouling was observed on
this fill, with only a thin layer of mud noticed in some areas on the main
fill structure. A vertical "shaft" of particulate fouling is visible where two
fill modules are in contact, as seen in Figure 7.6c. Visually, this fill sample
appears to have the least amount of fouling.
7.2.5 Fill sample D
Fill sample D is a film fill with vertical flutes, manufactured using uncorrugated
sheets, which are pierced across a large portion of their surface area. Figure
7.6d shows a thin deposit layer across the fill surface, which has been swabbed
clean in the center, indicating that a thin fouling layer is present. A high
chlorophyll A concentration in the swabbed sample indicates that this is an
Stellenbosch University https://scholar.sun.ac.za
CHAPTER 7. RESULTS 86
algal biofilm. The collection of particulate fouling deposits near the test section
door was observed, possibly where the fill had been in contact with the door.
(a) Fill sample A (b) Fill sample B
(c) Fill sample C (d) Fill sample D
Figure 7.6: Fouling evident on fill samples
7.3 Measured fill mass
The results of the daily drip-dry mass measurements (see Section 4.2.3.6) are
presented in Figure 7.7, using the same fill lettering as in Section 7.2. The
occasional dips in the measured masses, such as Figure 7.7d around days 85 and
135 are periods when the test section was not in service and the fill dried more
completely. A reduction in fill mass is observed after longer shutdowns, such
as after the three-day shutdown around day 150 to replace a faulty compressor.
The initial period of testing, up to 50 days had frequent shutdowns to repair
faulty equipment, resulting in more erratic mass measurement data on all four
test sections. The period in Figure 7.7b after day 50 where a lower mass is
consistently measured was a period where one of the three load cells had failed.
The load cell was repaired around day 100. For the period between days 260
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and 282 the NDWCT providing water to the test facility was out of service
and the fill dried completely.
(a) Fill sample A (b) Fill sample B
(c) Fill sample C (d) Fill sample D
Figure 7.7: Measured drip-dry fill sample mass
The maximum mass gain for each fill during the test periods are presented in
Table 7.1. These correspond with the visual observations in Section 7.2: with
Fill C having the lowest amount of observed fouling and mass gain and Fill B
similarly having the highest amount of observed fouling and mass gain. It is
Table 7.1: Summary of fill mass measurements
Fill Start mass [kg] Maximum mass [kg] Mass gain [kg]
A 301.3 345.7 44.4
B 225.2 295.0 69.8
C 226.6 248.6 22.0
D 221.1 254.6 33.5
concluded that the fill mass measurements were performed successfully, given
the generally smooth behaviour of the measured values and the corresponding
behaviour of the mass measurements and visual inspections. Unfortunately,
due to the more erratic behaviour of the fill performance measurements, it is
not possible to draw conclusions on the relationship between fill mass gain and




This study aims to quantify the effects of NDWCT fill fouling using fair meth-
ods to enable the commercial comparison between competing fill designs. The
objectives of this study, discussed below, were developed in the context of a
wider study by the South African state-owned power utility, Eskom, to make
better-informed fill selections for future fill replacement projects for its large
fleet of operational NDWCTs. The current study uses the Eskom fill fouling
test facility located at a coal-fired power station to partially demonstrate the
use of the methods developed.
The first objective of this study was to determine how to quantify the fouling
performance of NDWCT fills for commercial comparison. The literature study
(Chapter 3) yielded various methods of quantifying fill fouling, but no methods
to fairly compare the performance for the use in commercial decision-making.
To this end, the interaction of the thermal and hydraulic effects of NDWCT
fill fouling was investigated numerically (Chapter 6). It was determined using
Monte Carlo methods that these effects can be seen as almost completely sep-
arate, when considering their effects on NDWCT performance. This led to the
proposal of a novel method of fill fouling quantification: the use of individual
time-dependent thermal and hydraulic fouling factors. It is demonstrated how
measured and predicted fouling factors can be used in fill life-cycle calculations
to obtain financial results that can be used to compare fills (Appendix F).
The second objective was to critically analyse the Eskom fill fouling test facility
design and results. This was achieved by performing an uncertainty analysis on
the test facility equipment and results. These uncertainties were propagated
in a novel way to NDWCT performance prediction calculations by modifying
existing one-dimensional regression uncertainty equations to apply to the two-
variable regressions of fill thermal and hydraulic performance characteristic
equations. It was also determined that it is vital to take correlated uncertain-
ties into account when calculating the regression uncertainties. The calculated
regression uncertainties were propagated to the NDWCT performance, where
it was determined that correlated uncertainties may be neglected with only
small errors (Chapter 5). The uncertainty analysis was also performed for the
fouling factors, including the uncertainty of NDWCT performance prediction
using fill fouling factors (Chapter 6). The developed methods of fill perfor-
mance testing uncertainty analysis takes account of the uncertainties at all
levels of the performance testing process, providing rigorous justification for
performance-related commercial decisions, such as fill selection from a set of
competing designs, based on fill performance testing. The data analysis pro-
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cess highlighted some design and operating deficiencies and recommendations
are discussed in Section 8.2.
The third objective was to apply the developed methods to the fouling test-
ing of at least four NDWCT fill designs and to draw conclusions. This was
achieved by plotting the fouling factors and predicted NDWCT water outlet
temperatures for the four fills tested at the fill fouling test facility (Chapter
7). Unfortunately the test data over the testing period did not show smooth
changes in the fill thermal performance, with some of the data behaving quite
erratically. While no specific long-term performance-based conclusions could
be drawn from the data obtained during the test period, the methods devel-
oped may be employed once these testing problems have been resolved.
8.2 Testing recommendations
The following improvements are suggested for the current test facility or for
future test facilities designed for long-term testing of NDWCT fill samples:
(i) Measurement of droplet size in the rain zone, possibly in line with the
method of Terblanche (2011) is suggested. This will not only increase
the accuracy of the correction applied to the measured fill performance
(see Section 4.4.2), but also provide the correct droplet size to be used
in the cooling tower performance calculation for each fill.
(ii) A new design for the measurement of bypass and wall water is required
which can accurately measure an instantaneous value over a wide range
of water flow rates.
(iii) The contractor has proposed that the current fully automatic perfor-
mance testing regime be amended by employing some manual interven-
tion: an operator would determine a good time for testing to take place
based on actual weather conditions. Inspection or servicing of some
critical equipment is then to be performed before each test.
(iv) At typical predicted NDWCT Two standard uncertainties of 0.5 ◦C, the
uncertainties of the measurements are relatively high, especially consid-
ering it is approximately half the typically reported 95% uncertainty.
Reduction of measurement uncertainties will increase the confidence of
NDWCT performance predictions as well as the comparison of compet-
ing fills. A general effort should be engaged in to reduce uncertainties
at the current facility. Specific suggestions follow:
(a) On-site calibration of equipment, including the data capture sys-
tem, may remove much of the systematic uncertainty related to
these equipment and also simplify the calculation of the equipment
systematic uncertainties somewhat. This is especially valuable for
the measurement of the pressure difference over the fill, since the
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calculation of the hydraulic performance of the fill is very sensitive
to this small pressure difference.
(b) Where the water flow rate is known for the NDWCT where a fill is
planned to be installed, such as for fill replacement projects, perfor-
mance testing at the cooling tower Gw is recommended. This bet-
ter approximates the operating conditions for fouling formation and
will greatly simplify the uncertainty analysis by removing the water
flow input from the regressions. The removal of Gw uncertainties
and a better fit of the regression to the data (being a function of one
rather than two inputs) should yield reduced overall uncertainty.
(c) The sampling rate should be increased to at least 30 measurements
taken at each test operating point. This will allow simple calcula-
tion of uncertainties at the commonly-used 95% confidence level.
(d) Turn-down ratios should be optimised to reduce the total uncer-
tainty by taking the uncertainties of the sensor, supporting equip-
ment and PLC into account.
8.3 Future work
The following possible areas of future work are foreseen:
(i) A limitation on the Eskom fill fouling test facility, and fill fouling testing
in general, is the extended testing periods required, especially for low-
fouling fill designs. Methods may be explored to initiate or enhance the
formation of fouling to reduce the required testing time.
(ii) The location of the test facility at an operational power station and the
fact that it contains multiple identical and well-equipped test sections,
allow the comparative testing of the performance of technologies other
than fill designs. This may include technologies such as fouling control
methods.
(iii) The uncertainty analysis performed in this study is quite complex, given
the various stages at which uncertainty analysis must be performed,
including correlated uncertainties. The Monte Carlo method of uncer-
tainty analysis, as presented in Coleman and Steele (2018), may provide
a simpler method of uncertainty analysis, although it is expected that it
will be computationally expensive to perform, possibly requiring several
thousand NDWCT performance prediction calculations for the uncer-
tainty value at a single operating point to converge.
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Appendix A: Properties of fluids
All fluid properties are obtained from Kröger (2004).
Density of dry air:
ρa = pa/(287.08 T ), kg/m
3 (A.1)
Specific heat capacity of dry air at constant pressure:
cpa = 1.045356× 103 − 3.161783× 10−1 T + 7.083814× 10−4 T 2
− 2.705209× 10−7 T 3, J/kgK
(A.2)
Specific heat capacity of water vapour at constant pressure:
cpv = 1.3605× 103 + 2.31334 T − 2.46784× 10−10 T 5
+ 5.91332× 10−13 T 6, J/kgK
(A.3)
Dynamic viscosity of dry air:
µa = 2.287973× 10−6 + 6.259793× 10−8 T
− 3.131956× 10−11 T 2 + 8.15038× 10−15 T 3, kg/ms
(A.4)
Specific heat capacity of liquid water:
cpw = 8155.99− 28.0627 T + 0.0511283 T 2
− 2.17582× 10−13 T 6, J/kgK
(A.5)
Density of saturated liquid water:
ρw = (1.49343× 10−3 − 3.7164× 10−6 T + 7.09782× 10−9 T 2
− 1.90321× 10−20 T 6)−1, kg/m3
(A.6)
Surface tension of saturated liquid water:
σw = 5.148103× 10−2 + 3.998714× 10−4 T
− 1.4721869× 10−6 T 2 + 1.21405335× 10−9 T 3, N/m
(A.7)
Latent heat of vaporization:
ifgw = 3.4831814× 106 − 5.8627703× 103 T + 12.139568 T 2
− 1.40290431× 10−2 T 3, J/kg
(A.8)
Dynamic viscosity of saturated water vapour:
µv = 2.562435× 10−6 + 1.816683× 10−8 T
+ 2.579066× 10−11 T 2 − 1.067299× 10−14 T 3, kg/ms
(A.9)
Density of air-vapour mixture:
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Vapour fraction of air-vapour mixture:
w =
(
2501.6− 2.3263 (Twb − 273.15)









1.00416 (T − Twb)









z = 10.79586 (1− 273.16/T ) + 5.02808 log10(273.16/T )
+ 1.50474× 10−4 [1− 10−8.29692 ((T/273.16)−1)]
+ 4.2873× 10−4 [104.76955 (1−273.16/T ) − 1]
+ 2.786118312
(A.13)
Enthalpy of air-vapour mixture:
ima = cpa(T − 273.15) + w[ifgw0 + cpv(T − 273.15)], J/kg dry air (A.14)
with the latent heat of vaporization at 0 ◦C calculated using Equation A.8:
ifgw0 = 3.4831814× 106 − 5.8627703× 103 × 273.15
+ 12.139568× 273.152 − 1.40290431× 10−2 × 273.153
= 2501598.53 J/kg
(A.15)
where cpa and cpv are analysed at (T + 273.15 K)/2.









v ), kg/ms (A.16)
with:
Ma = 28.97 kg/mol (A.17)
Mv = 18.016 kg/mol (A.18)
Xa = 1/(1 + 1.608 w) (A.19)
Xv = w/(w + 0.622) (A.20)
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Appendix B: Numerical methods
B.1 Chebychev integral for Merkel number
The Merkel number (Equation 2.31) is numerically approximated, as in Kröger




















The subscripts (1) through (4) denote properties calculated at intermediate
temperatures Tw(1) through Tw(4) with:
Tw(1) = Two + 0.1 (Twi − Two) (B.2)
Tw(2) = Two + 0.4 (Twi − Two) (B.3)
Tw(3) = Two + 0.6 (Twi − Two) (B.4)
Tw(4) = Two + 0.9 (Twi − Two) (B.5)
and
∆i(n) = imasw(n) − ima(n) (B.6)
for each n from 1 to 4. Each imasw(n) is calculated using Equation A.14 with
both the wet-bulb and dry-bulb temperatures being the intermediate tempera-
ture (Tw(n)). Each ima(n) for intermediate temperature Tw(n) is calculated using
the following equation:
ima(n) = mwcpwm(Tw(n) − Two)/ma + ima1 (B.7)
where ima1 is the inlet air enthalpy.
B.2 Forward difference method
Partial differentials are calculated using the forward difference method, which
is presented by Burden and Faires (2011) as:
f ′(x) ≈ f(x0 + h)− f(x0)
h
with h > 0 (B.8)
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Appendix C: Sample fill performance
test results calculation
This sample calculation demonstrates how to obtain fill performance results
(Gw, Ga, Mefi and Kfd) at a single test operating point. The results of all
25 test operating points in the performance test are then used in a non-linear
regression to obtain the fill performance characteristic equations.
C.1 Calculation inputs
The inputs to the calculation are the test data presented in Table C.1, obtained
during a fill performance test, and additional information in the list below.
Table C.1: Example calculation input data
Time Vwi ∆ppnz ∆pnzl ∆pfi Twi Two Tdb Twb Vbyp Vwall pa
[hh:mm] [m3/hr] [Pa] [Pa] [Pa] [◦C] [◦C] [◦C] [◦C] [L/s] [L/s] [kPa]
22:13 21.58 105.43 412.83 54.93 49.77 21.65 18.01 9.87 0.00987 0.064 84.120
22:14 21.58 108.44 425.00 57.57 49.77 20.74 17.99 9.86 0.00987 0.064 84.120
22:15 21.59 109.44 429.54 56.77 49.85 20.38 17.96 9.83 0.00987 0.068 84.117
22:16 21.55 109.98 430.90 57.31 49.77 20.25 17.95 9.81 0.00987 0.068 84.117
22:17 21.50 110.07 430.77 57.44 49.69 20.16 17.93 9.80 0.02896 0.070 84.115
22:18 21.58 110.07 431.45 57.81 49.64 20.10 17.91 9.78 0.02896 0.070 84.120
22:19 21.56 110.20 431.55 56.92 49.48 20.08 17.89 9.77 0.02896 0.071 84.120
22:20 21.55 110.50 431.23 57.01 49.54 20.07 17.94 9.75 0.02896 0.071 84.117
Additional information:
(i) The wind was from a westerly direction and was steady at approximately
2.3 m/s.
(ii) The fill height (Lfi) is 2 m. The height of the spray zone (Lsp) is 0.474 m
and of the rain zone (Hrz) is 1.02 m.
Rounding of values in Table C.1 and these calculations are for formatting
or readability reasons. Calculations are done to 15 decimal place accuracy.
Errors due to rounding in these calculations are considered negligible given
the general reporting of 3 to 5 significant figures.
C.2 Measurement means
The mean (X) of each measurement, calculated using Equation 5.1, is pre-
sented in Table C.2.
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Table C.2: Measurement means
Vwi ∆ppnz ∆pnzl ∆pfi Twi Two Tdb Twb Vbyp Vwall pa
[m3/hr] [Pa] [Pa] [Pa] [◦C] [◦C] [◦C] [◦C] [L/s] [L/s] [kPa]
21.56 109.27 427.91 56.97 49.69 20.43 17.95 9.81 0.01941 0.068 84.119
C.3 Test operating point results
C.3.1 Fill water mass flux
The water mass flux through the fill is calculated by subtracting the bypass
and wall water mass flow rates from the inlet water mass flow rate. These
flows are provided in m3/hr or L/s units and are converted to mass flow rates
using the water inlet density at the water inlet temperature Twi = 322.84 K
using Equation A.6:
ρwi = (1.49343× 10−3 − 3.7164× 10−6 × 322.84
+ 7.09782× 10−9 × 322.842 − 1.90321× 10−20 × 322.846)−1
= 988.28 kg/m3
The water inlet mass flow rate in kg/s is calculated from the volume flow V wi
by:
mwi = V wiρwi ×
1 hr
3600 s









0.0194 L/s 988.28 kg/m3
1000 L/m3






0.0681 L/s 988.28 kg/m3
1000 L/m3
= 0.0673 kg/s (C.3)
Subtracting the bypass and wall water mass flow rates from the inlet water
mass flow rate, as in Equation 4.12:
mw = 5.919− 0.0192− 0.0673 = 5.833 kg/s
Dividing by the fill frontal area to obtain the fill water mass flux, as in Equation
4.13, yields:
Gw = 5.833/2.25 = 2.592 kg/m
2s
C.3.2 Dry air mass flux
The air pressure before the air-flow measurement nozzle is calculated using
Equation 4.15:
ppnz = 84.119 kPa− 109.26 Pa = 84009 Pa
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The air at the fill outlet is assumed to be saturated and is calculated iteratively
to be Tao = 34.45 ◦C = 307.60 K.
From Equation A.13 find:





+ 4.2873× 10−4 [104.76955 (1− 273.16/307.60)− 1]
+ 2.786118312
= 3.737
The vapour pressure at Tao is now calculated using Equation A.12:
pv = 10
3.737 = 5455.70 Pa
The vapour fraction at the fill outlet is calculated using Equation A.11:
wavo =
(
2501.6− 2.3263 (307.60− 273.15)










2501.6 + 1.8577 (307.60− 273.15)− 4.184 (307.60− 273.15)
)
= 0.0434 kg/kg dry air
The fill outlet air-vapour density is calculated using Equation A.10:







The mass flow of the outlet air-vapour mixture is calculated with Equation
4.14:
mavo =





The dry air mass flow is calculated using Equation 4.17:
ma = 6.561/(1 + 0.0434) = 6.288 kg/s
The dry air mass flux is calculated using Equation 4.18:
Ga = 6.288/2.25 = 2.795 kg/m
2s
The remaining equations in this section are performed to confirm the iterative
solution for Tao.







= 35.06 ◦C = 308.21 K
The specific heat capacity of liquid water at the mean water temperature is
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calculated using Equation A.5:
cpw = 8155.99− 28.0627× 308.21 + 0.0511283× 308.212
− 2.17582× 10−13 × 308.216
= 4177.13 J/kgK
The air inlet properties are calculated with T db = 291.10 K, Twb = 282.96 K
and pa = 84119 Pa. Using Equation A.13 at Twb:
z = 10.79586 (1− 273.16/282.96) + 5.02808 log10(273.16/282.96)
+ 1.50474× 10−4 [1− 10−8.29692 (282.96/273.16)−1]
+ 4.2873× 10−4 [104.76955 (1− 273.16/282.96)− 1] + 2.786118312
= 3.083
The vapour pressure is calculated using Equation A.12:
pv = 10
3.083 = 1211.17 Pa
The air inlet vapour fraction is calculated using Equation A.11:
wai =
(
2501.6− 2.3263 (282.96− 273.15)










2501.6 + 1.8577 (291.10− 273.15)− 4.184 (282.96− 273.15)
)
= 0.00580 kg/kg dry air
The dry air specific heat capacity of the inlet air is calculated using Equation
A.2 at (T db + 273.15)/2 = 282.12 K:
cpai = 1.045356× 103 − 3.161783× 10−1 × 282.12 + 7.083814× 10−4
× 282.122 − 2.705209× 10−7 × 282.123
= 1006.46 J/kgK
The specific heat capacity of water vapour is calculated using Equation A.3,
also at 282.12 K:
cpvi = 1.3605× 103 + 2.31334× 282.12− 2.46784× 10−10 × 282.125
+ 5.91332× 10−13 × 282.126
= 1870.24 J/kgK
The enthalpy of the inlet air is calculated using Equation A.14:
imai = 1006.46 (291.10− 273.15) + 0.00580× [2501598.53
+ 1870.24× (291.10− 273.15)]
= 32764.58 J/kg dry air
The remaining outlet air properties are calculated, with the air assumed to be
saturated with vapour at Tdb = Twb = Tao = 307.60 K and ppnz = 84009 Pa.
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The dry air specific heat capacity is calculated using Equation A.2 at
(307.60 K + 273.15)/2 = 290.38 K:
cpao = 1.045356× 103 − 3.161783× 10−1 × 290.38
+ 7.083814× 10−4 × 290.382 − 2.705209× 10−7 × 290.383
= 1006.65 J/kgK
The specific heat capacity of water vapour is calculated using Equation A.3,
also at 290.39 K:
cpvo = 1.3605× 103 + 2.31334× 290.38− 2.46784× 10−10 × 290.385
+ 5.91332× 10−13 × 290.386
= 1877.24 J/kgK
The outlet air enthalpy is calculated using Equation A.14:
imao = 1006.65 (307.60− 273.15) + 0.0434
× [2501598.53 + 1877.24 (307.60− 273.15)]
= 146136.14 J/kg dry air
The energy balance is performed across the water and air-flows using Equation
4.16:
5.83× 4177.13 (49.69− 20.43) = 6.288 (146136.14− 32764.58)
712875 J/s = 712875 J/s
This confirms that the iteratively calculated value of Tao is correct.
C.3.3 Merkel number
The Merkel number is calculated using the Chebychev integral in Appendix
B.1. The intermediate temperatures are calculated using Equations B.2 through
B.5:
Tw(1) = 293.58 + 0.1 (322.84− 293.58) = 296.51 K
Tw(2) = 293.58 + 0.4 (322.84− 293.58) = 305.28 K
Tw(3) = 293.58 + 0.6 (322.84− 293.58) = 311.14 K
Tw(4) = 293.58 + 0.9 (322.84− 293.58) = 319.91 K
The values of imasw(1) through imasw(4) are calculated using Equation A.14 at
Tw(1) through Tw(4), with the values for both Tdb and Twb being the respective
intermediate temperatures and the pressure at which the calculations are per-
formed at the estimated pressure pa− 0.5 ∆pfi = 84090.08 Pa at the centre of
the fill:
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imasw(1) = 1006.52 (296.51− 273.15)
+ 0.0221 [2501598.53 + 1872.51 (296.51− 273.15)]
= 79723.00 J/kg
imasw(2) = 1006.62 (305.28− 273.15)
+ 0.0378 [2501598.53 + 1876.24 (305.28− 273.15)]
= 129118.51 J/kg
imasw(3) = 1006.70 (311.14− 273.15)
+ 0.0534 [2501598.53 + 1878.78 (311.14− 273.15)]
= 175747.43 J/kg
imasw(4) = 1006.83 (319.91− 273.15)
+ 0.0891 [2501598.53 + 1882.69 (319.91− 273.15)]
= 277925.16 J/kg
The values of ima(1) through ima(4) are calculated using Equation B.7:
ima(1) = 5.832× 4177.13 (296.51− 293.58)/6.288 + 32764.58
= 44101.73 J/kg
ima(2) = 5.832× 4177.13 (305.28− 293.58)/6.288 + 32764.58
= 78113.20 J/kg
ima(3) = 5.832× 4177.13 (311.14− 293.58)/6.288 + 32764.58
= 100787.51 J/kg
ima(4) = 5.832× 4177.13 (319.91− 293.58)/6.288 + 32764.58
= 134798.98 J/kg
The values of ∆i(1) through ∆i(4) are calculated using Equation B.6:
∆i(1) = 79723.00− 44101.73 = 35621.27 J/kg
∆i(2) = 129118.51− 78113.20 = 51005.31 J/kg
∆i(3) = 175747.43− 100787.51 = 74959.92 J/kg
∆i(4) = 277925.16− 134798.98 = 143126.18 J/kg



















The corrected Merkel number (Mecorr) is calculated by subtracting the rain
and spray zone Merkel numbers from the measured Merkel number. The
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Merkel number for the spray zone is calculated using Equation 2.89:






Additional properties are calculated for the rain zone Merkel number calcula-
tion. The density of water at Two = 293.58 K is calculated using Equation
A.6:
ρw = (1.49343× 10−3 − 3.7164× 10−6 × 293.58
+ 7.09782× 10−9 × 293.582 − 1.90321× 10−20 × 293.586)−1
= 998.06 kg/m3
The vapour fraction of air saturated at the dry-bulb temperature is calculated
using Equation A.11, with both input temperatures taken as T db at pa:
ws = 0.0157 kg/kg dry air
The dynamic viscosity of saturated water vapour is calculated using Equation
A.9 at the dry-bulb temperature T db = 291.10 K:
µv = 2.562435× 10−6 + 1.816683× 10−8 × 291.10
+ 2.579066× 10−11 × 291.102 − 1.067299× 10−14 × 291.103
= 9.773× 10−6 kg/ms
The dynamic viscosity of dry air is calculated using Equation A.4 at the dry-
bulb temperature T db = 291.10 K:
µa = 2.287973× 10−6 + 6.259793× 10−8 × 291.10
− 3.131956× 10−11 × 291.102 + 8.15038× 10−15 × 291.103
= 1.806× 10−5 kg/ms
Coefficients for Equation A.16 are calculated using Equations A.19 and A.20
respectively:
Xa = 1/(1 + 1.608× 0.00580) = 0.991
Xv = 0.00580/(0.00580 + 0.622) = 0.00923
The dynamic viscosity of air-vapour mixture is calculated using Equation A.16:
µav = (0.991× 1.806× 10−5 × 28.970.5 + 0.00923× 9.773× 10−6
× 18.0160.5)/(0.991× 28.970.5 + 0.00923× 18.0160.5)
= 1.800× 10−5 kg/ms
The surface tension of water at the outlet water temperature is calculated
using Equation A.7:
σwo = 5.148103× 10−2 + 3.998714× 10−4 × 293.58
− 1.4721869× 10−6 × 293.582 + 1.21405335× 10−9 × 293.583
= 0.0727 N/m
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Coefficients are calculated using Equation 2.48 through 2.51:
aµ = 3.061× 10−6 [998.064 × 9.819/0.0727]0.25 = 1.0020
aρ = 998.0/998.06 = 0.9999
av = 73.298 [9.81
5 × 0.07273/998.063]0.25 = 1.0035
aL = 6.122 [9.81× 0.0727/998.06]0.25 = 1.00096
The dry air density is calculated using Equation A.1:
ρa = 84119/(287.08× 291.10) = 1.0066 kg/m3

















= 2.329× 10−5 m2/s
The Schmidt number is calculated using Equation 2.85:
Sc = 1.814× 10−5/(1.0031× 2.329× 10−5) = 0.770
The dry air velocity at the top of the rain zone is calculated using Equation
2.47:
vazo = 6.288/(1.0066× 2.25)
= 2.776 m/s


























× [5.01134× 0.9999× 1.0066− 192121.7× 1.0020× 1.806× 10−5
− 2.57724 + 23.61842
(












The corrected Merkel number is calculated using Equation 4.22:
Mefi = 2.078− 0.0984− 0.0596 = 1.920
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C.3.4 Pressure loss factor
The pressure loss factor is calculated according to Section 4.3.5. The inlet air
mass flow is calculated using:
mavi = ma(1 + wai) = 6.288 (1 + 0.00580) = 6.324 kg/s (C.4)
The outlet air mass flow is calculated using:
mavo = ma(1 + wavo) = 6.288 (1 + 0.0434) = 6.561 kg/s (C.5)
The mean air-vapour mass flow is then calculated using Equation 4.19:
mavm = (6.324 + 6.561)/2 = 6.443 kg/s
The inlet air density is calculated using Equation A.10:
































= 3.143 m/s (C.7)
The measured pressure loss factor is calculated using Equation 4.21:
Kmeas =
[
2 [56.97− (0.9278× 3.1432 − 1.0031× 2.8022)




The corrected pressure loss factor is found by subtracting the spray zone pres-











The corrected pressure loss factor is calculated using Equation 4.23:
Kfd = 13.274− 0.650 = 12.624
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C.4 Fill performance characteristic equations
The calculations above are repeated for all 25 test operating points in the
performance test. An extract of the results are provided in Table C.3.




1 2.592 2.795 1.920 12.624
2 2.586 2.508 1.826 13.132
... ... ... ... ...
24 0.975 1.502 1.580 13.185
25 1.015 1.002 1.146 14.620
By least squares regression of the data in Table C.3, the following fill perfor-
mance characteristic equations are obtained:










Figure C.1 shows the corrected fill Merkel number and pressure loss factors at
the Gw = 2.000 kg/m2s setpoint in this fill performance test along with the
regression curves representing Equations C.8 and C.9 respectively.
Figure C.1: Corrected Mefi and Kfd values and regressions
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The atmospheric conditions during this NDWCT performance prediction cal-
culation are taken from a single entry of the annual weather data provided for
the power plant in Table F.3.
Ground-level dry-bulb temperature Ta1 = 20 ◦C = 293.15 K
Ground-level wet-bulb temperature Twb = 14.3 ◦C = 287.45 K
Atmospheric pressure pa = 84000 Pa
Atmospheric temperature lapse rate dTa/dz = −0.00975 K/m
D.1.2 NDWCT inputs
Outlet height H6 = 147 m
Outlet diameter d6 = 60.85 m
Inlet height H3 = 10 m
Inlet diameter d3 = 104.5 m
Number of supports nts = 72
Support length Lts = 11.6 m
Support diameter dts = 0.8 m
Support drag coefficient CDts = 1
Inlet radius ri = 2.09 m
Kinetic energy coefficient at outlet αe6 = 1.01
Water mass flow mw = 12500 kg/s
Fill frontal area Afr = 8300 m2
Spray zone height Lsp = 0.5
Mean droplet diameter in the rain zone dd = 0.0050 m
Support and contraction loss coefficient Kfs +Kctc = 0.5
Water distribution system loss coefficient Kwd = 0.5
Fill height Lfi = 2 m
Drift eliminator loss coefficient Kde = 27.4892 Ry−0.14247de
D.1.3 Fill performance inputs
The trickle fill installed in the NDWCT has the performance characteristic
equations presented in Equation C.8 (M̂efi) and C.9 (K̂fd).
D.1.4 Power plant inputs
The power plant turbine’s full load is P = 750 MW. At an SSC water inlet
temperature of 24 ◦C, the base heat rate is HRB = 8390.5 kJ/kWh. The
104
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percentage increase in heat rate, as a function of Two [◦C] for this power plant
is obtained from the 100% load curve in Figure 2.3 with a polynomial approx-
imation of this curve being:
CHR(Two) = −5.467× 10−6 T 4wo + 4.274× 10−4 T 3wo
− 5.314× 10−4 T 2wo − 2.051× 10−1 Two + 1.152 %
(D.1)
D.2 Calculation results
The following results are obtained iteratively:
Water inlet temperature Twi = 40.425 ◦C = 313.575 K
Water outlet temperature Two = 21.459 ◦C = 294.609 K
Air temperature above drift eliminator Ta5 = 30.023 ◦C = 303.173 K
Mean air-flow through fill mav15 = 14444.108 kg/s
Air pressure above drift eliminator pa5 = 83840.541 Pa
Air pressure at shell outlet pa6 = 82576.386 Pa
D.3 Solution
D.3.1 Draught equation
D.3.1.1 Fluid and flow properties at ground level
The following air properties are calculated at ground level (point 1 in Figure
2.2) with Ta1 = 293.15 K, Twb1 = 287.45 K and pa1 = 84000 Pa.
Using Equation A.13, calculate:
z1 = 10.79586 (1− 273.16/287.45) + 5.02808 log10(273.16/287.45)
+ 1.50474× 10−4 [1− 10−8.29692 ((287.45/273.16)−1)]
+ 4.2873× 10−4 [104.76955 (1−273.16/287.45) − 1] + 2.786118312
= 3.212
Using Equation A.12 find the vapour pressure at the wet-bulb temperature:
pvwb1 = 10
z1 = 103.212 = 1628.814 Pa
The ambient vapour fraction is calculated using Equation A.11:
w1 =
(
2501.6− 2.3263 (287.45− 273.15)










2501.6 + 1.8577 (293.15− 273.15)− 4.184 (287.45− 273.15)
)
= 0.0100 kg/kg dry air
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Using Equation A.10, find the density of the inlet air-vapour mixture:






= 0.992 kg air-vapour/m3
Equation A.4 is used to calculate the dynamic viscosity of dry air:
µa1 = 2.287973× 10−6 + 6.259793× 10−8 × 293.15
− 3.131956× 10−11 × 293.152 + 8.15038× 10−15 × 293.153
= 1.815× 10−5 kg/ms
Equation A.9 is used to calculate the dynamic viscosity of saturated water
vapour at Ta1:
µv1 = 2.562435× 10−6 + 1.816683× 10−8 × 293.15
+ 2.579066× 10−11 × 293.152 − 1.067299× 10−14 × 293.153
= 9.836× 10−6 kg/ms
Equations A.19 and A.20 are used to calculate:
Xa1 = 1/(1 + 1.608× 0.0100) = 0.984
Xv1 = 0.0100/(0.0100 + 0.622) = 0.0158
The dynamic viscosity of the air-vapour mixture is calculated using Equation
A.16:
µav1 = (0.984× 1.815× 10−5 × 28.970.5 + 0.0158× 9.836× 10−6
× 18.0160.5)/(0.984× 28.970.5 + 0.0158× 18.0160.5)
= 1.805× 10−5 kg/ms
Specific heat capacities are evaluated at (293.15+273.15)/2 = 283.15 K. Using
Equation A.2, calculate:
cpa1 = 1.045356× 103 − 3.161783× 10−1 × 283.15
+ 7.083814× 10−4 × 283.152 − 2.705209× 10−7 × 283.153
= 1006.483 J/kgK
Using Equation A.3 calculate:
cpv1 = 1.3605× 103 + 2.31334× 283.15− 2.46784× 10−10 × 283.155
+ 5.91332× 10−13 × 283.156
= 1871.099 J/kgK
The enthalpy of the air-vapour mixture is calculated using Equation A.14:
ima1 = 1006.483 (293.15− 273.15) + 0.0100 [2501598.533
+ 1871.099 (293.15− 273.15)]
= 45519.962 J/kg dry air
Stellenbosch University https://scholar.sun.ac.za
APPENDIX D. SAMPLE NDWCT PERFORMANCE PREDICTION
CALCULATION 107
D.3.1.2 Fluid and flow properties above the drift eliminators
The properties above the drift eliminators (point 5 in Figure 2.2) are calcu-
lated using Ta5 = Twb5 = 303.173 K (air-flow assumed to be saturated) and
pa5 = 83840.541 Pa.
Using Equation A.13, calculate:
z5 = 10.79586 (1− 273.16/303.173) + 5.02808 log10(273.16/303.173)
+ 1.50474× 10−4 [1− 10−8.29692 ((303.173/273.16)−1)]
+ 4.2873× 10−4 [104.76955 (1−273.16/303.173) − 1] + 2.786118312
= 3.628
Using Equation A.12 find the vapour pressure at the wet-bulb temperature:
pvwb5 = pv5 = 10
z5 = 103.628 = 4248.085 Pa
Find the vapour fraction using Equation A.11:
w5 =
(
2501.6− 2.3263 (303.173− 273.15)










2501.6 + 1.8577 (303.173− 273.15)− 4.184 (303.173− 273.15)
)
= 0.0334 kg/kg dry air
Using Equation A.10, find the density of the air-vapour mixture:







= 0.945 kg air-vapour/m3
Equation A.4 is used to calculate the dynamic viscosity of dry air:
µa5 = 2.287973× 10−6 + 6.259793× 10−8 × 303.173
− 3.131956× 10−11 × 303.1732 + 8.15038× 10−15 × 303.1733
= 1.861× 10−5 kg/ms
Equation A.9 is used to calculate the dynamic viscosity of saturated water
vapour at Ta5:
µv5 = 2.562435× 10−6 + 1.816683× 10−8 × 303.173
+ 2.579066× 10−10 × 303.1732 − 1.067299× 10−14 × 303.1733
= 1.014× 10−5 kg/ms
Using Equations A.19 and A.20, calculate:
Xa5 = 1/(1 + 1.608× 0.0334) = 0.949
Xv5 = 0.0334/(0.0334 + 0.622) = 0.0509
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Then calculate the dynamic viscosity of the air-vapour mixture using Equation
A.16:
µav5 = (0.949× 1.861× 10−5 × 28.970.5 + 0.0509× 1.014× 10−5
× 18.0160.5)/(0.949× 28.970.5 + 0.0509× 18.0160.5)
= 1.827× 10−5kg/ms
Specific heat capacities are evaluated at (303.173 + 273.15)/2 = 288.162 K.
Using Equation A.2, calculate:
cpa5 = 1.045356× 103 − 3.161783× 10−1 × 288.162
+ 7.083814× 10−4 × 288.1622 − 2.705209× 10−7 × 288.1623
= 1006.594 J/kgK
Using Equation A.3, calculate:
cpv5 = 1.3605× 103 + 2.31334× 288.162− 2.46784× 10−10 × 288.1625
+ 5.91332× 10−13 × 288.1626
= 1875.339 J/kgK
The enthalpy of the air-vapour mixture is calculated using Equation A.14:
ima5 = 1006.594 (303.173− 273.15) + 0.0334 [2501598.533
+ 1875.339 (303.173− 273.15)]
= 115582.307 J/kg dry air
D.3.1.3 Additional properties
The air-vapour mixture density at the fill is calculated as the harmonic mean
between the inlet and above the drift eliminators using Equation 2.58:
ρav15 = 2/(1/ρav1 + 1/ρav5) = 2/(1/0.992 + 1/0.945)
= 0.968 kg/m3
The dry-air mass flow rate is calculated using:
ma = 2×mav15/(2 + w1 + w5)
= 2× 14444.108/(2 + 0.0100 + 0.0334)
= 14137.523 kg/s
(D.2)
and the air-vapour mass flow rates at points 1 and 5 are calculated using:
mav1 = ma(1 + w1) = 14137.523 (1 + 0.0100) = 14278.899 kg/s (D.3)
mav5 = ma(1 + w5) = 14137.523 (1 + 0.0334) = 14609.318 kg/s (D.4)
The fill water and air mass fluxes are calculated using Equation 4.13 and 4.18,
respectively:
Gw = mw/Afr = 12500/8300 = 1.506 kg/m
2s (D.5)
Ga = ma/Afr = 14137.523/8300 = 1.703 kg/m
2s (D.6)
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D.3.1.4 Shell supports
The fill referred shell support pressure loss factors is calculated using Equation
2.35:




The inlet pressure loss coefficient is calculated using Equation 2.381:
Kct(norz) = 0.011266× e0.093×104.5/10 × 13.7302 − 0.3105
× e0.1085×104.5/10 × 13.730− 1.7522 + 4.5614× e0.131×104.5/10
+ sinh−1
[
{(10970.2× e−0.2442×13.730 + 1391.3)
/(104.5/10− 15.7258) + 1205.54× e−0.23×13.730 + 109.31}
× {2× 2.09/104.5− 0.01942/(104.5/10− 27.929)− 0.016866}
]
= 6.388
The loss coefficient is referred to the fill using Equation 2.39:
Kctfi(norz) = 6.388× (0.968/0.992)× (14278.899/14444.108)2
×
(
4× 8300/(π × 104.52)
)2
= 5.703
The fill referred loss coefficient is corrected with the rain zone correction factor,
calculated using Equation 2.40:
Crz =
[
0.2394 + 80.1 (0.0954/(104.5/10) + 0.0050)× e0.395×1.506/1.703
− 0.3195 (1.506/1.703)− 966 (0.0050/(104.5/10))× e0.686×1.506/1.703
]
× (1− 0.06825× 1.506)× 13.7750.09667 × e8.7434 (1/104.5−0.01)
= 0.822
The corrected fill referred inlet pressure loss coefficient is calculated using
Equation 2.42:
Kctfi = 0.822× 5.703 = 4.689
1The value Kfi = 13.730, used here, is obtained from Equation D.10 on page 111. Al-
though it is calculated after Kct(norz), the order of calculations presented here is maintained
for clarity.
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D.3.1.6 Rain zone
The density of the outlet water is calculated using Equation A.6:
ρwo = (1.49343× 10−3 − 3.7164× 10−6 × 294.609 + 7.09782× 10−9
× 294.6092 − 1.90321× 10−20 × 294.6096)−1
= 997.852 kg/m3
Surface tension of saturated liquid water using Equation A.7:
σwo = 5.148103× 10−2 + 3.998714× 10−4 × 294.609
− 1.4721869× 10−6 × 294.6092 + 1.21405335× 10−9 × 294.6093
= 0.0726 N/m
Coefficients are calculated using Equations 2.48 through 2.51:
aµ = 3.061× 10−6 [997.8524 × 9.819/0.0726]0.25 = 1.00235
aρ = 998.0/997.852 = 1.00015
av = 73.298 [9.81
5 × 0.07263/997.8523]0.25 = 1.00203
aL = 6.122 [9.81× 0.0726/997.852]0.25 = 1.00048
Flow velocities using Equations 2.45, 2.46 and 2.47:
vw3 = 1.506/997.852 = 0.00151 m/s
vav3 = 14278.899/(0.992× 8300) = 1.734 m/s
vazo = 14137.523/(0.992× 8300) = 1.717 m/s
The coefficient k is calculated using Equation 2.44:
k = (0.8449 ln(1.00048× 104.5/2)− 2.312)
× (0.3724 ln(1.00200× 1.734) + 0.7263)
× ln(206.757 (1.00048× 10)−2.8344 + 0.43)
= −0.299
The rain zone pressure loss factor is calculated using Equation 2.43:
Krz = 3× 1.00200× 0.00151 (10/0.0050)×
[
0.2246− 0.31467
× 1.00015× 0.992 + 5263.04× 1.00235× 1.805× 10−5
+ 0.775526× (1.4824163× e71.52×1.00048×0.0050 − 0.91)
× (0.39064× e0.010912×1.00048×104.5 − 0.17)
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The fill referred rain zone pressure loss coefficient is calculated using Equation
2.52:
Krzfi = 7.427 (0.968/0.992)× (4× 8300/(π 104.52))2
× (14278.899/14444.108)2
= 6.628
D.3.1.7 Fill supports and contraction
The fill referred pressure loss coefficient for the fill supports and contraction is
calculated using Equation 2.53:
(Kfs +Kctc)fi = 0.5 (0.968/0.992)× (14278.899/14444.108)2 = 0.477
D.3.1.8 Fill loss coefficient
The fill loss coefficient is calculated using Equation C.9:
Kfd = 7.580× 2× 1.5060.231 × 1.703−0.376 = 13.635
Air-vapour mass fluxes are calculated using:
Gav1 = mav1/Afr = 14278.899/8300 = 1.720 kg/m
2s (D.7)
Gav5 = mav5/Afr = 14609.318/8300 = 1.760 kg/m
2s (D.8)
Gav15 = mav15/Afr = 14444.108/8300 = 1.740 kg/m
2s (D.9)
The fill static pressure loss coefficient is calculated using Equation 2.56:




D.3.1.9 Expansion loss coefficient







This is referred to the fill using Equation 2.61:
Kctefi = 0.00104× (0.968/0.945)× (14609.318/14444.108)2 = 0.00109
D.3.1.10 Spray zone loss coefficient
The spray zone loss coefficient is calculated using Equation 2.62:
Ksp = 0.5 [0.4 (1.506/1.703) + 1] = 0.677
This is referred to the fill using Equation 2.63:
Kspfi = 0.677 (0.968/0.945)× (14609.318/14444.108)2 = 0.709
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D.3.1.11 Water distribution system loss coefficient
The fill referred water distribution pressure loss coefficient is calculated using
Equation 2.64:
Kwdfi = 0.5 (0.968/0.945)× (14609.318/14444.108)2 = 0.524
D.3.1.12 Drift eliminators loss coefficient
The characteristic flow parameter of the drift eliminators is calculated using
Equation 2.66:
Ryde = 14609.318/(1.827× 10−5 × 8300) = 96338.84 m−1
The drift eliminator loss coefficient is calculated using the equation supplied
in Section D.1.2:
Kde = 27.4892× 96338.84−0.14247 = 5.359
This is referred to the fill using Equation 2.67:
Kdefi = 5.359 (0.968/0.945)× (14609.318/14444.108)2 = 5.617
D.3.1.13 Shell outlet parameters
The following parameters are calculated with specific heat capacities evaluated
at (303.173 + 273.15 K)/2 = 288.162 K. The specific heat capacity of the air-
vapour mixture above the drift eliminators, using Equation 2.70:
cpma5 = 1006.594 + 0.0334× 1875.339 = 1069.178 kJ/kgK
The specific heat capacity of water, using Equation A.5:
cpw5 = 8155.99− 28.0627× 288.162 + 0.0511283× 288.1622
− 2.17582× 10−13 × 288.1626
= 4190.367 J/kgK
Calculate using Equation 2.71:
ie = 2501598.533− (4190.367− 1875.339)× (303.173− 273.15)
= 2432095.547 kJ/kg
The temperature lapse rate in the column of air above the drift eliminators is
calculated using Equation 2.69:
ξTa5 =
[




1069.178 + 3.6693× 10−8 × 0.03342




1 + 0.42216× 10−11 × 0.03342 × 83840.541× e5406.1915/303.173
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The temperature at the shell outlet is calculated using this lapse rate:
Ta6 = Ta5 + ξTa5(H6 −H3 − Lfi − Lsp)
= 303.173 + (−0.00321)× (147− 10− 2− 0.5)
= 302.741 K
(D.11)
The density at the cooling tower outlet is calculated using Equation A.10:







The temperature at the outlet elevation outside the shell is calculated using
the atmospheric temperature lapse rate:
Ta7 = Ta1 + dTa/dz H6 = 293.15 + (−0.00975)× 147
= 291.717 K
(D.12)
The air pressure at the outlet elevation outside the shell is calculated using
Equation 2.77:




The density at the outlet elevation outside the shell is calculated using Equa-
tion A.10, with the vapour fraction being the same as at ground level:







= 0.980 kg air-vapour/m3
The densimetric Froude number is calculated using Equation 2.73:
FrD =
(14609.318/(π × 60.852/4))2
0.932 (0.980− 0.932)× 9.81× 60.85
= 0.939
The shell outlet pressure is calculated using Equation 2.74:
pa6 = 82579.830 + (0.02× 0.939−1.5 − 0.14/0.939)
× (14609.318/(π 60.852/4))2/0.932
= 82576.386 Pa
This confirms the correct iterative solution for pa6.
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D.3.1.14 Draught equation solution
The sum of pressure loss coefficients is calculated as:∑
Kfi = (Kts +Kct +Krz +Kfs +Kctc +Kfi +Kcte +Ksp
+Kwd +Kde)fi
= 1.240 + 4.688 + 6.628 + 0.477 + 13.730 + 0.00109
+ 0.709 + 0.524 + 5.617
= 33.615
(D.13)
The air pressure above the drift eliminators is calculated using Equation 2.81:
pa5 = 84000
[
1− 0.00975× 10 + 2/2
293.15
]3.5 (1+0.0100)×(1− 0.01000.0100+0.62198)
− 33.615 (14444.108/8300)2/(2× 0.968)
= 83840.541 Pa
This confirms that the iterative solution of pa5 is correct.










































+ 1.01× (14609.318/(π × 60.852/4))2/(2× 0.932)
65.483 Pa = 65.483 Pa
Which confirms that the iterative solution of mav15 is correct.
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D.3.2 Transfer equation
D.3.2.1 Rain zone Merkel number

















= 2.357× 10−5 m2/s
The Schmidt number is calculated with Equation 2.85:
Sc1 = 1.805× 10−5/(0.992× 2.357× 10−5) = 0.772
The vapour fraction of the saturated air at Two is calculated using Equation
A.11 at Tdb = Twb = Two = 294.609 K and pa1 = 84000 Pa:
ws1 = 0.0196 kg/kg dry air





























× 1.00015× 0.992− 30341.04× 1.00235× 1.805× 10−5
− 0.37564 + 4.04016
[(
















D.3.2.2 Fill Merkel number
The fill Merkel number is calculated using Equation C.8:
Mefi = 0.589× 2× 1.506−0.277 × 1.7030.830 = 1.637 (D.14)
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D.3.2.3 Spray zone Merkel number
The spray zone Merkel number is calculated using Equation 2.89:






D.3.2.4 NDWCT Merkel number
The NDWCTMerkel number is calculated using the Chebychev integral in Ap-
pendix B.1. The method is the same as in Appendix C.3.3 and the calculated
value is:
MeNDWCT = 1.973
The transfer equation, Equation 2.83 is calculated as:
1.973 = 0.229 + 1.637 + 0.106
which confirms that the iterative solution of Two is correct:
D.3.3 Energy equation
The energy equation, Equation 2.90, is calculated as:
14137.523 (115582.307− 45519.962) = 12500× 4178.231
× (313.75− 294.609)
which confirms that the iterative solution of Ta5 is correct, with
QNDWCT = 990.508 MW.
D.3.4 Heat rate correction equation
The percentage heat rate correction is calculated using Equation D.1:
CHR(21.459) = −5.467× 10−6 × 21.4594 + 4.274× 10−4 × 21.4593
− 5.314× 10−4 × 21.4592 − 2.051× 10−1 × 21.459 + 1.152
= −0.430 %
The heat rate is calculated using Equation 2.91:
HR(21.459) = 8390.5 (100− 0.430)/100 = 8354.42 kJ/kWh
The rate of heat rejection by the NDWCT is calculated using Equation 2.92
QNDWCT = 750 (8354.42/3600− 1) = 990.508 MW
Which is the same as the value obtained in Appendix D.3.3, confirming that
the iterative solution of Twi is correct.
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Appendix E: Example of fill and
NDWCT performance uncertainty
calculation
This uncertainty calculation is performed for the fill performance test and the
NDWCT performance prediction calculation presented in Appendix C and D
respectively. Note that the units of uncertainties are the same as the measure-
ment or result. The units of sensitivity indexes are neglected for formatting
purposes.
E.1 Measurement uncertainties
The uncertainties of individual measurements are calculated for the measured
values at the test operating point in Appendix C.
E.1.1 Calculation inputs
The inputs to the measurement random uncertainty calculation is the mea-
sured data in Table C.1. The inputs to the measurement systematic uncer-
tainty calculation are the equipment uncertainty equations in Section 4.2.3 and
the measurement means at the specific test operating point in Table C.2.
E.1.2 Random uncertainties
The measurement random uncertainty for each measured parameter at this
test operating point is calculated using Equation 5.2 and presented in Table
E.1.
Table E.1: Measurement random uncertainty
Vwi ∆ppnz ∆pnzl ∆pfi Twi Two Tdb Twb Vbyp Vwall pa
[m3/hr] [Pa] [Pa] [Pa] [◦C] [◦C] [◦C] [◦C] [L/s] [L/s] [kPa]
sX 0.00952 0.593 2.286 0.317 0.0461 0.191 0.0138 0.0146 0
1 01 0.000761
E.1.3 Systematic measurement uncertainties
E.1.3.1 Water inflow systematic uncertainty
The instrument systematic uncertainty is calculated using Equation 4.4:
bV wiinstr
= [0.005× 21.56 + 0.0416] /2 = 0.0747 m3/hr
The instrument current output uncertainty is supplied by Equation 4.5 as
bV wicurr = 0.00703 m








= [0.005 (45− 0)] /2 = 0.113 m3/hr






These values are combined using Equation 5.3
bV wi =
[
0.07472 + 0.007032 + 0.1132 + 0.001632
]0.5
= 0.135 m3/hr
E.1.3.2 Pressure difference uncertainty
The uncertainty values for all pressure difference measurements are same and
are independent of the measured value. The instrument uncertainty is supplied
by Equation 4.6 as b∆pinstr = 2.967 Pa and the instrument current output
uncertainty is provided by Equation 4.7 as b∆pcurr = 0.0188 Pa.
The uncertainty of the I/O system is calculated using Equation 4.1:
b∆pIO = [0.005 (100− (−500))] /2 = 1.5 Pa





These values are combined using Equation 5.3:
b∆p =
[
2.9672 + 0.01882 + 1.52 + 0.02172
]0.5
= 3.325 Pa
E.1.3.3 Temperature measurement uncertainty
The temperature measurement systematic uncertainty calculations are all cal-
culated using the same equations, with only the measured values resulting in
differences in the RTD calculated uncertainty (bTRTD). The RTD uncertainty
calculation and the resulting temperature measurement uncertainty is shown
for the water inlet temperature (Twi) only, with all temperature measurement
uncertainties summarised in Table E.2.
The RTD uncertainty is calculated using Equation 4.8:
bTwiRTD
= [0.15 + 0.002× |49.69|] /2 = 0.125 ◦C
The RTD converters’ uncertainty for all measurements is provided by Equation
4.9 as bT converter = 0.05
◦C.
The uncertainty of the I/O system is calculated using Equation 4.1:
bT IO = [0.005 (100− (−10))] /2 = 0.275
◦C
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These values are combined using Equation 5.3:
bTwi =
[
0.1252 + 0.052 + 0.2752 + 0.003982
]0.5
= 0.306 ◦C
Table E.2: Temperature measurement systematic uncertainties
Twi Two Tdb Twb
[◦C] [◦C] [◦C] [◦C]
bTRTD Eq. 4.8 0.125 0.0954 0.0929 0.0848
bT Eq. 5.3 0.306 0.295 0.295 0.292
E.1.3.4 Ambient air pressure
The ambient air pressure instrument systematic uncertainty is provided by
Equation 4.10 as bpainstr = 0.722 kPa. The uncertainty of the current provided
by the instrument is provided by Equation 4.11 as bpacurr = 0.0025 kPa.
The uncertainty of the analogue input to the central PLC is calculated using
Equation 4.3:
bpaPLC = [0.003 (140− 60)] /2 = 0.12 kPa





These values are combined using Equation 5.3:
bpa =
[
0.7222 + 0.00252 + 0.122 + 0.002892
]0.5
= 0.732 kPa
E.2 Test operating point result uncertainties
The random and systematic result uncertainties are calculated similarly for all
results. The sensitivity indexes are calculated numerically for all results, even
in the cases where the sensitivity to the measurement is zero. This greatly
simplifies the programming of the required numerical differentiation functions.
Table E.3 provides a summary of both the sensitivity indexes and random and
systematic measurement uncertainties used to calculate the results uncertain-
ties.
The random and systematic result uncertainties at this test operating point
are calculated using Equations 5.4 and 5.5 and are displayed in Table E.4. The
calculation of the measurement and result random and systematic uncertainties
is repeated for every test operating point in the fill performance test.
E.3 Regression uncertainties
The NDWCT operating point for which the regression uncertainties are cal-
culated are obtained from the NDWCT performance prediction calculation:
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Table E.3: Summary of the sensitivity indexes and random and systematic










V wi 0.122 −0.00999 0.0672 0.0408 0.135 0.010
∆ppnz 0 −1.853× 10−5 8.806× 10−6 9.491× 10−5 3.325 0.593
∆pnzl 0 0.00352 −0.001673 −0.0328 3.325 2.286
∆pfi 0 0 −2.267× 10−5 0.235 3.325 0.317
Twi −0.00119 −0.00714 0.0263 0.0292 0.306 0.0461
Two 0 0.00725 −0.289 −0.0297 0.295 0.191
T db 0 2.841× 10−5 −0.000621 −0.0187 0.295 0.0138
Twb 0 −0.00484 0.113 0.00602 0.292 0.0146
V byp −0.439 0.0360 −0.242 −0.147 0 0
V wall −0.439 0.0360 −0.242 −0.147 0 0
pa 0 0.0178 0.0250 −0.000553 0.732 0.000761
Table E.4: Test operating point result random and systematic uncertainties
Gw [kg/m
2s] Ga [kg/m
2s] Mefi [−] Kfd [−]
sR 0.00116 0.00817 0.0555 0.106
bR 0.0165 0.0197 0.110 0.797
from Equations D.5 and D.6 respectively obtain Gw = 1.506 kg/m2s and
Ga = 1.703 kg/m
2s. The operating Merkel number and pressure loss fac-
tor regression uncertainties are calculated using Equation 5.12. Due to the
large number of summation terms , it is impractical to show full examples and
only the calculated terms of Equation 5.12 are displayed:
uM̂efi =
[
3.724× 10−4 + 6.610× 10−3 + 2.059× 10−6
+ 2.206× 10−5 + 1.065× 10−4 + 3.096× 10−5
+ 3.850× 10−4 + 7.751× 10−4 + 9.408× 10−6






6.767× 10−1 + 5.941 + 8.723× 10−5 + 1.066× 10−3
− 8.911× 10−4 + 6.965× 10−4 + 5.870× 10−3
− 6.359× 10−2 + 2.479× 10−4 + 3.447× 10−7
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The regression uncertainty calculations may be repeated for multiple instances
over a range of Ga values to generate a visual representation of the regression
uncertainty as seen in Figure E.1 (typically 20-30 instances provide a smooth
set of regression uncertainty bounds). Also visible in Figure E.1 are the cor-
rected Mefi and Kfd values and uncertainties which are close to the calcula-
tion Gw of 1.506 kg/m2s: the values and uncertainties at the test setpoint of
Gw = 1.5 kg/m
2s are shown.
(a) Merkel number regression and
uncertainties
(b) Pressure loss factor regression and
uncertainties
Figure E.1: Measured values, regressions and their uncertainties
If the correlated uncertainty terms in Equation 5.12 are neglected, the regres-







The implication of these values is discussed in Section 5.5. From here 28/10
E.4 NDWCT performance prediction
uncertainty
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The covariance between M̂efi and K̂fd is calculated using Equation 5.17. The
large number of summed terns again prevent the display of a full calculation









(−3.202× 0.0913)2 + (0.0732× 2.562)2




If the correlated uncertainties are neglected in this equation, the resulting














Appendix F: Sample calculation using
fouling factors
F.1 Sample calculation of NDWCT
performance prediction using fill fouling
factors
In this example, the fouling factors for the fouled condition of a fill, the
NDWCT performance prediction using these fouling factors and the fouling
factor and NDWCT performance uncertainties are calculated. The fouled
condition performance test of the fill is the same performance test analysed
in Appendix C. The initial performance test is designated as time t = 0 and
an extract of the results of the initial performance test’s operating points is
provided in Table F.1.




1 2.610 2.831 1.913 12.937
2 2.598 2.507 1.732 13.569
... ... ... ... ...
24 1.022 1.507 1.369 13.044
25 0.990 1.007 1.007 14.059
Performing a least squares regression to obtain the fill performance character-
istic equations for the initial test yields:










Using these fill performance characteristic equations to calculated the NDWCT
water outlet temperature, using the same method and inputs (other than fill
performance characteristics) as in Appendix D, yields Two = 21.923 ◦C.
The fouled condition of the fill (analysed in Appendix C) was performed 21
weeks after the initial test and is designated as time t = 21. The fill fouling
factors (fm(21) and fk(21)) are then found by performing least squares regres-
sions of the following equations (in the form of Equations 6.9 and 6.10) to best
fit the data in Table C.3:
M̂efi(21) = (1− fm(21)) 0.528 Lfi G−0.281w G0.878a (F.3)





This regression yields fm(21) = −0.0757 and fk(21) = 0.0258.
123
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The uncertainties of these fouling factors are calculated using Equation 6.11:
ufm(21) =
[
1.579× 10−4 + 2.763× 10−3 + 6.389× 10−7
+ 8.207× 10−6 + 3.619× 10−5 + 3.560× 10−6
+ 7.427× 10−5 + 1.037× 10−4 + 3.355× 10−6





2.494× 10−3 + 3.042× 10−2 + 2.497× 10−7
+ 5.401× 10−6 − 4.090× 10−6 + 2.900× 10−6
+ 3.203× 10−5 − 3.575× 10−4 + 1.151× 10−6
+ 1.705× 10−9 + 2.703× 10−8 + 1.469× 10−6
]0.5
= 0.181
The sensitivity indexes of the NDWCT performance to the fouling factors are











(−5.277× 0.0565)2 + (1.084× 0.181)2
]0.5
= 0.356 ◦C
F.2 Sample fill lifecycle cost calculation
The fill lifecycle fuel cost calculation is performed for an estimated fill life of




The atmospheric inputs to the lifecycle calculation is the dry-bulb tempera-
tures, wet-bulb temperatures and annual durations published for the power
plant (see the first columns of Table F.3). Additionally the annual average at-
mospheric pressure is 84000 Pa and the atmospheric lapse rate is−0.00975 K/m.
F.2.1.2 Power plant inputs
The power plant details are the same as those presented in Appendix D.1.4,
with the following additional information. The boiler efficiency is ηboil = 0.90,
the fuel (coal) cost is cfuel = 0.50 R/kg and the coal calorific value is
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CV = 22000 kJ/kg.
F.2.1.3 Fill performance inputs
The calculation is performed on an annual basis due to the atmospheric data
being presented annually. Representative fouling factors for each year of anal-
ysis are presented in Table F.2. These corresponds with the changes in fill
performance measured by Whittemore and Massey (1992) for "Pack C" in
that study (see Figure 3.7). The fill performance data and mass gain data
was combined to find the fill thermal and hydraulic performance changes for
each data-point. These performance changes are averaged for each 12-month
period in the 50-month long test, resulting in 4 full years of data. The fouling
is assumed to stabilise after 4 years, as is indicated by the mass gain behaviour
in Figure 3.7.






F.2.2 Calculation method and results
The calculation is performed by repeating the NDWCT performance prediction
calculation, including heat rate correction and both thermal and hydraulic fill
fouling factors applied, for each entry in the annual weather calculation and for
each calculated fill fouling factor (Table F.2). As an example, the results for
Year 4 are presented in Table F.3, with Ch and Ct calculated using Equations
6.14 and 6.15 respectively.
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Table F.3: Year 4 annual calculation results
No. Tdb Twb Time Twi Two QNDWCT HR Ch Ct
[◦C] [◦C] [hrs] [◦C] [◦C] [MW] [kJ/kWh] [R] [R]
1 -8 -8.7 2 27.37 8.43 991.27 8358.11 126638.02 253276.04
2 -6 -6.8 6 28.46 9.57 988.74 8345.97 126454.16 758724.97
3 -4 -4.9 37 29.57 10.71 986.61 8335.74 126299.10 4673066.65
4 -2 -3 87 30.69 11.86 984.91 8327.56 126175.08 10977231.69
5 0 -1.1 163 31.82 13.01 983.66 8321.56 126084.29 20551739.09
6 2 0.6 263 32.89 14.09 982.93 8318.06 126031.23 33146214.03
7 4 2.4 404 34.02 15.22 982.65 8316.73 126011.02 50908451.07
8 6 4.2 545 35.16 16.35 982.88 8317.83 126027.68 68685086.87
9 8 5.8 706 36.24 17.42 983.57 8321.15 126078.10 89011141.04
10 10 7.4 852 37.34 18.49 984.75 8326.78 126163.40 107491214.32
11 12 9.2 983 38.53 19.65 986.55 8335.45 126294.75 124147740.43
12 14 10.6 1111 39.58 20.66 988.59 8345.22 126442.71 140477848.29
13 16 11.9 981 40.61 21.63 990.96 8356.60 126615.15 124209460.48
14 18 13.2 814 41.64 22.61 993.74 8369.95 126817.48 103229428.09
15 20 14.3 660 42.61 23.52 996.66 8383.96 127029.67 83839581.97
16 22 15.1 473 43.45 24.31 999.47 8397.47 127234.38 60181863.48
17 24 15.8 323 44.27 25.07 1002.40 8411.52 127447.21 41165449.87
18 26 16.3 200 45.01 25.76 1005.25 8425.18 127654.30 25530859.42
19 28 16.8 103 45.76 26.45 1008.32 8439.92 127877.50 13171382.59
20 30 17.3 36 46.53 27.16 1011.61 8455.71 128116.85 4612206.64
21 32 17.7 9 47.28 27.84 1014.94 8471.72 128359.38 1155234.39
22 34 18.3 2 48.11 28.60 1018.85 8490.46 128643.28 257286.57
The total fuel cost for each year is calculated by summing its period costs
and is provided in Table F.4. The annual fuel cost of the unfouled condition
(calculated using Equation 6.16) is provided, along with a column containing
the annual fuel cost increase caused by fouling. All costs are in Rand.
Table F.4: Annual fuel cost results
Year Fuel cost [R/year] Fouling cost [R/year]
Unfouled 1 106 715 521.28
1 1 106 786 667.37 71 146.09
2 1 106 906 495.50 190 974.22
3 1 107 255 090.15 539 568.87
4-15 1 108 434 488.00 1 718 966.72
The total lifecycle fuel cost, calculated as the sum of the fuel cost of the 15
year life of the fill is calculated as R16 622 162 109.06. This is R21 429 289.84,
or approximately 0.13% greater than total lifecycle cost for the unfouled case
of total of R16 600 732 819.22.
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